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Introduction: Dysbiosis is a characteristic of patients with Alzheimer’s disease
(AD). The disbalance between Gram-negative and Gram-positive bacteria causes
increased production of beta-amyloid (Aβ) in the gut, which can contribute to
brain accumulation of Aβ. Recovering microbiota composition with symbiotic
administration of prebiotics and probioticsmay be a strategy to prevent or reduce
AD symptomathology. The aim of this research was to study whether chronic
administration of pre- and probiotics modifies the histopathological signs of
neurodegeneration in the cortex of APP/PS1 mice, a transgenic mouse model of
AD. We focused on neuritic plaques deposition, neuronal degeneration and glia
activation.

Methods: Transgenic (TG) mice andWild type (WT) littermates were fed daily with
a diet supplemented with prebiotics (a multi-extract of fibers and plant
complexes, containing inulin/fruit-oligosaccharides) and probiotics (a 50%–
50% mixture of Lactobacillus rhamnosus and Lactobacillus paracasei). The
treatment started at 2 months of age and lasted for 6 months. Controls were
WT and TG mice fed with a standard diet. All groups were evaluated qualitatively
and quantitatively by immunofluorescence, confocal microscopy and digital
imaging. Cortical sections were immunostained for neuritic plaques, neurons,
astrocytes, microglia, and inflammatory proteins. Qualitative and quantitative
analyses were carried out by immunofluorescence, confocal microscopy and
digital imaging with ImageJ software.

Results: Quantitative analyses in TG mice demonstrated intense Aβ load and
accumulation of neurofilament heavy polypeptide (NHP) in neuritic plaques,
neuronal degeneration, shrinkage of the cortex, increase of GFAP expression,
and microglia and astrocytes activation. All these effects were mainly evident in
cortical Layer 5. The symbiotic treatment with pre- and probiotics decreased Aβ
deposition and neuritic plaques in the frontoparietal cortex. In addition, the
treatment decreased the degeneration of neurons, the cortical shrinkage,

OPEN ACCESS

EDITED BY

Yuhei Takado,
National Institutes for Quantum and
Radiological Science and Technology, Japan

REVIEWED BY

Maria José De Rosa,
CONICET Bahía Blanca, Argentina
Andrew K. Evans,
Stanford University, United States

*CORRESPONDENCE

Daniele Lana,
daniele.lana@unifi.it

Maria Giuliana Vannucchi,
mariagiuliana.vannucchi@unifi.it

†These authors have contributed equally to
this work

RECEIVED 19 March 2025
ACCEPTED 30 April 2025
PUBLISHED 15 May 2025

CITATION

Sarti G, Traini C, Magni G, Attorre S, Tognozzi G,
Calussi E, Giovannini MG, Vannucchi MG and
Lana D (2025) Chronic administration of
prebiotics and probiotics prevent
pathophysiological hallmarks of Alzheimer’s
disease in the cortex of APP/PS1 mice.
Front. Pharmacol. 16:1596469.
doi: 10.3389/fphar.2025.1596469

COPYRIGHT

© 2025 Sarti, Traini, Magni, Attorre, Tognozzi,
Calussi, Giovannini, Vannucchi and Lana. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Original Research
PUBLISHED 15 May 2025
DOI 10.3389/fphar.2025.1596469

https://www.frontiersin.org/articles/10.3389/fphar.2025.1596469/full
https://www.frontiersin.org/articles/10.3389/fphar.2025.1596469/full
https://www.frontiersin.org/articles/10.3389/fphar.2025.1596469/full
https://www.frontiersin.org/articles/10.3389/fphar.2025.1596469/full
https://www.frontiersin.org/articles/10.3389/fphar.2025.1596469/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2025.1596469&domain=pdf&date_stamp=2025-05-15
mailto:daniele.lana@unifi.it
mailto:daniele.lana@unifi.it
mailto:mariagiuliana.vannucchi@unifi.it
mailto:mariagiuliana.vannucchi@unifi.it
https://doi.org/10.3389/fphar.2025.1596469
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2025.1596469


increased GFAP expression, and modified microglia phenomic, decreasing
significantly microglia activation. The abovementioned effects of the treatment
were mostly evident in cortical Layer 5.

Discussion: These data confirm that prolonged dietary regimen enriched with pre-
and probiotics counteracts many of the histopathological hallmarks of AD, and
poses the bases for a simple, affordable treatment that may help prevent AD.

KEYWORDS

Alzheimer’s disease, astrocytes, neurodegeneration, neuritic plaques, beta-amyloid,
microbiota, ball-and-chain microglia

Introduction

Alzheimer’s Disease (AD), a neurodegenerative disorder
characterized by the slow, irreversible decline of memory, affects
40 million people in Western countries, with a prevalence expected
to increase in the next few decades, with the aging of the population.
Since the complete understanding of the pathophysiology of AD is
so far an unmet need, effective treatments that prevent, slow down
or cure the disease are still lacking. Precipitation and accumulation
of abnormal proteins in the brain are the pathophysiological
mechanisms of many neurodegenerative diseases such as AD
(Jucker and Walker, 2018). Indeed, the accumulation of
misfolded beta-amyloid (Aβ) peptides that precipitate and form
plaques in the central nervous system (CNS) parenchyma is one of
the histopathological hallmarks of AD (Glenner and Wong, 1984;
Koyama et al., 2012).

The gut and its microbiota (MB-gut) are major sites of Aβ
production outside the brain (Galloway et al., 2019; Pallebage-
Gamarallage et al., 2012), and quantitative and qualitative
modifications of gut microbiota cause aberrant accumulation of
amyloid precursor protein (APP) in the gut (Brandscheid et al.,
2017; Kowalski and Mulak, 2019). It has been demonstrated that
patients affected by AD, even at the early stages of the disease, have
dysbiosis (Vogt et al., 2017; Kesika et al., 2021; Sarkar and Biswas,
2021), mainly characterized by increased Gram-negative and
decreased Gram-positive bacteria strains in the gut. Intestinal Aβ
aberrant deposition is also detected in autopsies of AD patients (Liu
et al., 2020).

Transgenic animal models of AD such as the double transgenic
mice expressing a chimeric mouse/human amyloid precursor
protein (Mo/HuAPP695swe) and a mutant human presenilin 1
(PS1-dE9) (APP/PS1) mice, have dysbiosis, with increased
relative abundance of B. subtilis (Bacillus subtilis) and E. coli
(Escherichia coli) (Harach et al., 2017), large producers of Aβ. In
addition, E. coli produces an endotoxin that promotes the formation
of Aβ fibrils. Gram-negative strains are likely implicated in the
pathogenesis of neurodegeneration (Brown, 2019; Qian et al., 2021).
On the other hand, a decrease of Gram-positive strains, mostly
Lactobacilli that produce trophic agents for the gut and the brain
such as short-chain fatty acids (SCFAs) and tryptophan, was
demonstrated in AD animal models (Pistollato et al., 2016;
Sharon et al., 2016; Cattaneo et al., 2017; Friedland and
Chapman, 2017; Vogt et al., 2017; Mancuso and Santangelo,
2018; Galloway et al., 2019; Giovannini et al., 2021; Willyard, 2021).

Dysbiosis causes dysfunction of the intestinal barrier (Iadecola
et al., 1999), which may activate intestinal innate immunity before

the onset of CNS neuroinflammation (Semar et al., 2013). Dysbiosis
may also cause dysfunction of the blood brain barrier (BBB) (Mayer
and Tillisch, 2011; Sharon et al., 2016; Brown, 2019). When Aβ
reaches the brain through the circulation, its overload or defective
clearance may cause its accumulation, promoting fibril organization
and plaque deposition (Brown, 2019).

The eubiotic gut microbiota produces molecules necessary for
the correct physiological functions of the brain (Sharon et al., 2016;
Strandwitz, 2018). However, how dysbiosis contributes to
neurodegeneration remains to be completely understood, but
accumulating evidence demonstrates that in transgenic APP/
PS1 mice with dysbiosis, the levels of Aβ in the CNS increase
and spatial learning and memory is impaired (Shen et al., 2017;
Traini et al., 2024). Indeed, neuronal loss and memory impairment
in AD are mainly associated with Aβ plaques in brain parenchyma
and with intracellular deposits of hyperphosphorylated tau.

Maintaining or restoring the eubiosis of the gut microbiota
seems to be fundamental to keeping under control Aβ production
and avoiding its deposition in the brain. Studies on the effects of
prebiotic or probiotic, administered separately in the diet, on Aβ
deposition, neurodegeneration and cognitive functions and brain
damage have obtained encouraging results (Pantano et al., 2017;
Bonfili et al., 2018; 2021; Ou et al., 2020; Sun et al., 2020; Zhu et al.,
2021; Wu et al., 2023). Nevertheless, very few studies have been
carried out on the effects of the simultaneous, symbiotic
administration of prebiotics and probiotics on these parameters
in animal models of AD.

Astrocytes establish millions of contacts with synapses and
vascular capillaries to modulate vital functions, maintain
homeostasis, and provide trophic support to neurons (Schiweck
et al., 2018). Alterations of the BBB, caused by dysbiosis, allow the
passage of peptides such as Aβ, of proinflammatory factors, and of
immune cells from the periphery to the brain, changing the
composition of the brain microenvironment and brain cell
homeostasis. The gut microbiota can modulate and suppress the
inflammatory state of astrocytes, with important consequences for
neuroinflammation (Rothhammer et al., 2018). An in-depth
characterization of the mechanisms that control astrocytes and
the role of prebiotics and probiotics on their phenotypic
modification is still lacking.

The presence of microglia around plaques and their interaction
with Aβ has been extensively documented in both AD patients and
in transgenic mouse models of AD (Stalder et al., 1999; Serrano-
Pozo et al., 2014), but their exact role, whether damaging or
protective, is not yet understood. Indeed, activation of microglia
seems to play a dual role in the pathogenesis of AD: firstly, microglia

Frontiers in Pharmacology frontiersin.org02

Sarti et al. 10.3389/fphar.2025.1596469

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1596469


activate to increase phagocytosis of Aβ and reduce its accumulation,
but activated microglia at later stages, triggering proinflammatory
cascades, likely contribute to neurotoxicity and synapse loss (Sarlus
and Heneka, 2017).

Nevertheless, astrocytes and microglia in different regions of the
brain do not behave equally in response to the same damaging insult,
and their responses differ markedly. It has been demonstrated that
different microglia, astrocytes and oligodendrocytes subpopulations
from the same cortical portion of aged individuals have different
AD-related traits (Green et al., 2024). Averting the polarization of
astrocytes, microglia and oligodendrocytes into specific phenomics may
give new perspectives for therapeutic interventions on AD (Green et al.,
2024). However, studies aimed at clarifying the relationship between gut
dysbiosis, gut and brain Aβ accumulation, glia phenomic modification
and neuronal survival in AD animal models are few.

In recent published papers from our laboratory, we developed a
protocol to administer pre- and probiotics simultaneously through
the diet to APP/PS1 mice (Lana et al., 2024; Traini et al., 2024), with
the idea that prebiotics sustain the survival of probiotic Lactobacilli
co-present in the preparation, and are substrates of the Firmicutes, a
strain that decreases with age (Cattaneo et al., 2017; Galloway et al.,
2019; Sun et al., 2020). We demonstrated in APP/PS1 mice (Traini
et al., 2024) that treatment with pre- and probiotics modifies the
bacteria strain imbalance in the gut microbiota, restores mucous
secretion, and reduces Aβ blood levels and ameliorates the memory
deficits. In the hippocampus, the treatment decreases Aβ plaque
deposition, protects neurons, causes modification of astrocytes and
microglia phenomic, mainly in CA3, and to a lesser extent in CA1
(Lana et al., 2024).

Based on these previously published findings (Lana et al., 2024;
Traini et al., 2024) we used brain sections from the same animal
groups to further explore the effects of the diet enriched in prebiotics
and probiotics on the hallmarks of AD and on the alterations of
neurons and glia in the cerebral cortex of APP/PS1 mice.

The results of this research will help to understand the beneficial
effects of pre- and probiotics administration starting early in life on
the hallmarks of AD pathogenesis in the cortex. As diet is one of the
most effective approaches to modify the microbiota, food-based
therapies, influencing its composition, can modify the function of
the CNS with very few, if any, side effects. Specific individualized
nutritional interventions could be an effective strategy to modify Aβ
production and aggregation.

Materials and methods

Animals

Male and female APP/PS1 transgenic mice aged 8 months were
used as the disease group and littermate C57BL/6 wild-type mice
aged 8 months were used as the control group. The mice were bred
and treated by the team of Prof. Vannucchi’s lab.

The APP/PS1 mouse model express human APP with the
Swedish mutation (Mo/HuAPP695swe) and L166P-mutated
human presenilin1 (PS1) under the control of a neuron-specific
Thy1 promoter (Radde et al., 2006; Rupp et al., 2011).

All mice were housed under a 12-h light/12-h dark cycle with
food and water available ad libitum. The room temperature was kept

at around 22°C.The experimental protocols were approved by the
Italian Ministry of Health (code: 53/2022) and were carried out in
accordance with the European Communities Council Directive of
2010/63/EU. The authors further attest that all efforts were made to
minimize the number of animals used and their suffering, as
reported in the Guidelines McGill Module 1.

Animal treatments

The probiotic chosen is a 50% mixture of each type of the
following bacteria: Lactobacillus rhamnosus IMC 501 and
Lactobacillus paracasei IMC 502, supplied by Synbiotec s.r.l
(Camerino, MC). The probiotic was dispersed in gelled water
through the addition of an instant powdered cornstarch
thickener (4.5 g/100 mL), a tasteless and non-toxic substance.
The dose of probiotic administered was 1.8*108 CFU/day/25 g
mouse, normalized to the body surface area starting from the
recommended dose in humans (15 × 109 CFU*2/day) as
described in the literature (Gui et al., 2015). The probiotic was
dispersed directly in water and supplied fresh daily. The probiotic
concentration was adjusted to the weight gain of the animals and the
volume of water intake daily.

The treatments consisted of an enrichment of the daily diet with
prebiotics and probiotics, lasted for 6 months, and were
administered from the completion of the second month until the
eighth month of age. The mode of diet administration did not result
in stress for the animal. The treatment, described in more detail in
the previous article by Traini and colleagues (Traini et al., 2024), was
as follows.

Prebiotic formulation and administration
The prebiotic was a multi-extract of fibers and plant complexes,

mainly composed of inulin/FOS (fruit oligosaccharides), purchased
from the company Aboca (San Sepolcro, AR, Italy). The chosen
dosage (50 mg inulin/FOS/g diet) corresponded to a 5% increase in
inulin/FOS in comparison to the standard diet. This percentage is
consistent with the literature (Mao et al., 2015) and with the dosage
commonly suggested as a dietary supplement for humans. The
pellets containing the mix of the standard diet plus prebiotics
retained the taste of the standard diet. The pellets were tailor-
made, prepared by Mucedula s.r.l. (Milan, Italy) and purchased
from them. The food intake was checked daily for the entire period
of administration, weighing the leftovers and replenishing the
food pellets.

Probiotic formulation and administration
The probiotic chosen was a 50% mixture of each type of the

following bacteria: Lactobacillus rhamnosus IMC 501 and
Lactobacillus paracasei IMC 502, supplied by Synbiotec s.r.l
(Camerino, MC, Italy). The probiotic formulation was supplied
without excipients or prebiotics, with a bacterial load
corresponding to 100 billion cells/g. The chosen dosage was 1.8 ×
108 CFU/day/25 g per mouse. It was calculated following the
normalization method with respect to the body surface area and
considering the recommended human dose (15 × 109 CFU*2/day).
The dosage was consistent with the literature (Gui et al., 2015). As
demonstrated by Verdenelli and colleagues (Verdenelli et al., 2009),
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the chosen bacteria survive at gastric pH, tolerate bile acid, do not
generate any side effects, have high adhesion and colonization
ability, and are recovered in colonic fecal samples. The viability
of the bacteria at room temperature is guaranteed up to 12 h. The
probiotics were dispersed in drinking water gelled by adding an
instant thickener powder made from cornstarch (2.5 g/100 ml) that
is tasteless, devoid of toxicity, and commonly used for swallowing
deficiencies in humans. This mode of administration is stress-free
for the animal and guarantees a uniform redistribution of the
probiotics in the water. The volume of gelled water containing
the probiotics was prepared and supplied fresh every day for the
entire period of treatment. The gelled water was placed into a
Nombrero (Animal Specialties and Provisions, LLC, Quakertown,
PA, United States), a container specifically designed to feed rodents
with wet food that has proven to be particularly suitable for
containing gelled water. The presence of a hook made it possible
to hang the Nombrero in the upper part of the cage, so that it would
not tip over and the gelled water would not get in contact with the
litter in the cage, limiting its contamination. However, the basal part,
containing the gelled water, was shallow enough to be easily
accessible by the mice. The amount of water taken was assessed
every day by weighing the residual water. The probiotic
concentration was adjusted to the mice weight gain and the
amount of water consumed. As rodents drink mainly during the

night, the water containing the probiotics was administered every
evening, and the following morning the residual water was weighed.
To guarantee similar environmental conditions, all the animals
received gelled drinking water, with or without probiotics.

Animal groups

The animals were divided randomly into 4 experimental groups:

Wild type mice, C57BL/6, fed with a standard diet, 3 males and
6 females (WT);
Wild type mice, C57BL/6, fed with the standard diet enriched in
prebiotics and probiotics, 4 males and 4 females (WT-T);
Transgenic mice, APP/PS1, fed with a standard diet, 4 males and
6 females (TG);
Transgenic mice, APP/PS1, fed with the standard diet enriched in
prebiotics and probiotics, 4 males and 6 females (TG-T).

Sample preparation

At the end of the treatment, the mice were anesthetized with
ketamine–dexmedetomidine, s.c. (80–120 mg/kg + 0.5–1.0 mg/kg,

TABLE 1 Antibodies used for immunohistochemistry. All antibodies were diluted in BB solution.

Antibodies used for immunohistochemistry

Target Antigen Supplier Catalog # Antibody Host Usage Diluition

Neurons NeuN (Neuronal nuclei) Millipore (Billerica, MA,
United States)

MAB377X Monoclonal Ms Primary Alexa Fluor
488 conjugated

1:100

Beta-amyloid plaques Aβ (Beta amyloid) Biolegend (Dedham, MA,
United States)

39320–200 Monoclonal Ms Primary 1:200

Neurofibrillary tangles
and neutitic plaques

Neurofilament Heavy
Protein (NHP)

AbCam ab136407 Polyclonal Rb Primary 1:200

Neurons NeuN (neuronal nuclei) Millipore MAB377 Monoclonal Ms Primary 1:400

Astrocytes GFAP (Glial fibrillar acidic
protein)

Millipore MAB3402X Monoclonal Ms Primary Alexa Fluor
488 conjugated

1:500

Total microglia IBA1 (Ionized calcium-
binding adaptor molecule 1)

Wako (Osaka, JP) 016–20001 Policlonal Rb Primary 1:300

Total microglia IBA1 (Ionized calcium-
binding adaptor molecule 1)

Wako 011–27991 Policlonal Gt Primary 1:200

CD68 CD68 (Cluster of
Differentiation 68)

AbCam
(Cambridge, UK).

ab125212 Monoclonal Rb Primary 1:200

CX3CR1 CX3CR1 (Fraktalkin
receptor)

AbCam ab308613 Monoclonal Rb Primary 1:200

Rabbit FC Rabbit FC Thermo Fisher
(Waltham, MA,
United States)

A21206 Polyclonal Dn Secondary Alexa
Fluor 488

1:400

Mouse FC Mouse FC Thermo Fisher A31570 Polyclonal Dn Secondary Alexa
Fluor 555

1:400

Rabbit FC Rabbit FC Thermo Fisher A31577 Polyclonal Gt Secondary Alexa
Fluor 635

1:400

Goat FC Goat FC Thermo Fisher A21082 Polyclonal Dn Secondary Alexa
Fluor 635

1:400
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respectively). One hemibrain was rapidly dissected, immediately
placed in ice-cold 4% paraformaldehyde in 0.1 M phosphate-
buffered saline (PBS, pH 7.4) and fixed overnight (ON) at 4°C.
The fixed hemibrain was then placed in cold 30% sucrose/PBS and
after 48 h it was immersed in a solution of isopentane at −40°C until
the hemibrain was completely frozen. Coronal sections of 40 μm
thickness were cut with a cryostat and stored at −20°C in anti-freeze
solution (40% PBS,30% ethylene-glycol, 30%, glycerol, v/v) until
immunohistochemistry.

Immunohistochemistry

Immunohistochemistry was performed with the free-floating
method (Giovannini et al., 2002; Lana et al., 2014) on mice
hemibrain coronal sections cut at −1700 µm posterior from
Bregma. The antibodies used (see Table 1) and the protocols of
the different immunostainings are reported below.

Before incubation with primary antibodies, all sections were
incubated for 60 min with Blocking Buffer (BB) containing 10%
Normal Goat Serum (Product Code: S-1000, Vector, Burlingame,
CA, United States) in PBS-TX (0.3% Triton X-100 in PBS). All
antibodies were dissolved in BB.

NeuN+ neurofilament heavy protein+Aβ triple
labelling immunohistochemistry

Day 1: After BB, sections were incubated overnight at 4°C with a
solution of two primary antibodies: a rabbit anti- Neurofilament
Heavy Protein antibody (1:200, in BB) and a mouse anti-Aβ
antibody (1:200, in BB).

Day 2: Sections were incubated with AlexaFluor 635 goat anti-
rabbit (1:400, in BB) and then with AlexaFluor 635 goat anti-rabbit
(1:400, in BB) plus AlexaFluor 555 donkey anti-mouse (1:400, in
BB). Finally, neurons were immunostained using a mouse anti-
NeuN antibody conjugated with the fluorochrome AlexaFluor 488
(1:100 in BB).

NeuN+ neurofilament heavy protein+GFAP triple
labelling immunohistochemistry

Day 1: After BB, sections were incubated overnight at 4°C with a
solution of two primary antibodies: a rabbit anti- Neurofilament
Heavy Protein antibody (1:200, in BB) and a mouse anti-NeuN
antibody (1:400, in BB).

Day 2: Sections were incubated with AlexaFluor 635 goat anti-
rabbit (1:400, in BB) and then with AlexaFluor 635 goat anti-rabbit
(1:400, in BB) plus AlexaFluor 555 donkey anti-mouse (1:400, in
BB). Finally, astrocytes were immunostained using a mouse anti-
GFAP antibody conjugated with the fluorochrome AlexaFluor 488
(1:500 in BB).

NeuN+GFAP+IBA1 triple labelling
immunohistochemistry

Day 1: After BB, sections were incubated overnight at 4°C in a
solution with two primary antibodies, a mouse anti-NeuN antibody
to immunostain neurons (1:400 in BB) and a rabbit anti-IBA1
antibody to immunostain total microglia (1:300 in BB).

Day 2: Sections were incubated for 2 h at room temperature in
the dark with AlexaFluor 635 goat anti-rabbit secondary antibody

(1:400 in BB) and then for 2 h with a solution of AlexaFluor 635 goat
anti-rabbit secondary antibody (1:400 in BB) plus AlexaFluor
555 donkey anti-mouse secondary antibody (1:400 in BB).
Finally, astrocytes were immunostained using a mouse anti-
GFAP antibody conjugated with the fluorochrome AlexaFluor
488 (1:500 in BB).

Aβ+IBA1 double labelling immunohistochemistry
Day 1: After BB, sections were incubated overnight at 4°C in a

solution containing two primary antibodies: a mouse anti-Aβ
antibody (1:200, in BB) plus a rabbit anti-IBA1 antibody (1:
300, in BB).

Day 2: Sections were incubated with AlexaFluor 488 donkey
anti-rabbit (1:400, in BB) and then with a solution of AlexaFluor
488 donkey anti-rabbit (1:400, in BB) plus AlexaFluor 555 donkey
anti-mouse (1:400, in BB).

NeuN+CD68+IBA1 triple labelling
immunohistochemistry

Day 1: After BB, sections were incubated overnight at 4°C with a
solution containing three primary antibodies: a mouse anti-NeuN
antibody (1:400, in BB) plus a rabbit anti-CD68 antibody (1:200, in
BB) and a goat anti-IBA1 antibody (1:200, in BB).

Day 2: Sections were incubated with AlexaFluor 488 donkey
anti-rabbit (1:400, in BB) and then with a solution of AlexaFluor
488 donkey anti-rabbit (1:400, in BB) plus AlexaFluor 635 donkey
anti-goat (1:400, in BB). Finally, sections were incubated with a
solution of AlexaFluor 488 donkey anti-rabbit (1:400, in BB) plus
AlexaFluor 635 donkey anti-goat (1:400, in BB) plus AlexaFluor
555 donkey anti-mouse (1:400, in BB).

CX3CR1+IBA1 double labelling
immunohistochemistry

Day 1: After BB, sections were incubated overnight at 4°C in a
solution containing two primary antibodies: a rabbit anti-CX3CR1
antibody (1:200, in BB) plus a goat anti-IBA1 antibody (1:
200, in BB).

Day 2: Sections were incubated with AlexaFluor 488 donkey
anti-rabbit (1:400, in BB) and then with a solution of AlexaFluor
488 donkey anti-rabbit (1:400, in BB) plus AlexaFluor 635 donkey
anti-goat (1:400, in BB).

Microscopy acquisition and images
quantitative analyses

Experimenters were blind to treatment during imaging and
analysis. All sections were mounted onto gelatin-coated slides
using Vectashield mounting medium with DAPI (Vectashield
Product Code #H-1200, Vector, Burlingame, CA, United States)
and then observed under a LEICA TCS SP8 confocal laser scanning
microscope (Leica Microsystems CMS GmbH, Mannheim,
Germany) equipped with 20X or 40X objective. Z step was
1.2 µm (20X objective) or 0.6 µm (40X objective). The frequency
of acquisition was 200 Hz. and the frame of acquisition was
1024 pixels x 1024 pixels (20X objective) or 2048 pixels x
2048 pixels (40X objective). Confocal scans were acquired
keeping all parameters constant.
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Confocal acquisitions were performed in the cortical sections cut
at stereotaxic coordinate −1700 µm, posterior from Bregma. The
regions of interest (ROIs) were the entire cortex, acquired with
a ×20 objective as represented in the confocal images, and cortical
Layer 5, separately. The ROIs were consistently analyzed in all slices
and all quantitative analyses were performed blind by two
experimenters. Quantitative analyses were performed on
z-projection of 10 consecutive confocal scans (20X objective, z
step 1.2 µm, total thickness 12 µm) using the software ImageJ
(National Institute of Health, http://rsb.info.nih.gov/ij). For
quantitative analyses of immunolabelings, confocal z-projections
were converted to TIFF files and thresholded using the Threshold
tool of ImageJ. Care was taken to maintain the same threshold in all
sections within the same experiment. In each ROI, the pixels above
the set threshold were measured and the immunostaining was
expressed as positive pixels/total pixels.

Density of Aβ plaques was calculated according to our previous
paper (Ugolini et al., 2018). Imunolabeled plaques with a
radius >5 μm were identified and counted. Aβ plaque density in
the entire cortex and in Layer 5 were calculated separately and
expressed as plaques/mm2. For the calculation of the density, we
measured the area of the ROI (entire cortical thickness or Layer 5,
separately) in each confocal image with the tool Measure of ImageJ,
and the densities calculated accordingly. Quantitative analyses of Aβ
immunolabeling were obtained from the percentage of Aβ positive
pixels above a threshold level using the threshold tool of ImageJ
(Lana et al., 2024).

Density of neurons immunolabeled with NeuN was expressed as
cells/mm2. Neuron density in the entire cortex and in Layer 5 (cells/
mm2) were calculated separately, as written above for the plaques.

Density of astrocytes and microglia were calculated separately,
as written above for the plaques, and expressed as cells/mm2. We
evaluated the density of three populations of microglia, IBA1+ total
microglia, CD68+ reactive microglia and “ball&chain” phagocytic
microglia. The latter are characterized by spherical phagocytic
pouches (ball) at the tip of microglial terminal branches (chain),
the so-called ball&chain structures (Lana et al., 2023), which can
phagocytose apoptotic debris or a small quantity of other substances
(Sierra et al., 2010).

To characterize the alteration of the entire cortex and of Layer 5,
we measured their thickness with the Measure tool of ImageJ. In
each NeuN z-projection image, 3 independent measurements evenly
distributed were acquired and averaged (expressed in µm) (Landucci
et al., 2022).

Quantitative analyses of GFAP, IBA1, CD68 and
CX3CR1 immunofluorescence were obtained from the percentage
of Aβ+, GFAP+, IBA1+, CD68+ or CX3CR1+ pixels above a
threshold level using the threshold tool of ImageJ (for details see
(Gerace et al., 2021).

Statistical analysis

Data are presented as means ± SEM. Statistical significance was
evaluated by Student’s t-test, or two-way ANOVA with Genotype
and Treatment as the two independent variables followed by
Newman-Keuls multiple comparison test, as appropriate. All
statistical analyses were performed using GraphPad PRISM v.

8 for Windows (GraphPad Software, San Diego, CA, USA). A
probability value (P) of <0.05 was considered significant.

Results

The treatment with pre- and probiotics
prevents the deposition of Aβ and neuritic
plaques in the cortex

Aβ and neurons were visualized by immunohistochemistry
using anti-Aβ and anti-NeuN antibodies in cortical sections of 8-
month-old APP/PS1 mice (Figure 1A, TG) and of APP/PS1 mice fed
with pre- and probiotics (Figure 1B, TG-T). NeuN is a specific
neuronal marker which is not only localized in the nucleus but also
in the cell body cytoplasm. NeuN is a gene product of Rbfox-3,
which is a member of the RNA-binding protein Rbfox-1 gene family
(Kim et al., 2009). The 46- and 48-kDa subtypes of NeuN/
Rbfox3 have distinct subcellular localizations. The 46-kDa
subtype is mainly distributed in the nucleus, whereas the 48-kDa
subtype is primarily distributed in the cytoplasm (Maxeiner et al.,
2014). Thus, anti-NeuN antibody labels not only the nucleus, but
also the cytoplasm of neurons.

Qualitative images of the immunolabeled sections are shown in
Figures 1A,B, where Aβ peptide is visualized in green, and neurons
in red. Quantitative analyses demonstrated that Aβ
immunofluorescence, an indication of Aβ deposition in the
cortex, was significantly lower in TG-T than in TG mice (−27%,
*P < 0.05 TG-T vs. TG, Student’s t test, Figure 1C). Similarly, the
density of plaques in the entire cortex was significantly lower in TG-
T than in TG mice (−18%, *P < 0.05 TG-T vs. TG, Student’s t test,
Figure 1D). The effect of the treatment with pre- and probiotics on
Aβ plaques deposition was more efficacious in cortical Layer 5
(−27%, *P < 0.05 TG-T vs. TG, Student’s t test, Figure 1E) than in the
cortical layers 2–4 and 6, taken together (−12%, n.s. TG-T vs. TG,
Student’s t test, Figure 1F).

Neurofilament heavy polypeptide (NHP), present in
neurofibrillary tangles and degenerating plaque neurites
(pathogenic markers of AD) and neurons were visualized by
immunohistochemistry with selective antibodies. Qualitative
images in Figures 1G,H (NHP in green, neurons in red) show
that NHP is present in the cortex of APP/PS1 mice, especially in
Layer 5. The quantitative analyses of NHP immunofluorescence
(Figures 1I,J) show that the treatment with pre- and probiotics
decreased significantly the presence of degenerating plaque neurites
in the entire cortex of TG-T mice (−19%, *P < 0.05 TG-T vs. TG,
Student’s t test, Figure 1I). This effect was most pronounced in Layer
5 (−41%, *P < 0.05 TG-T vs. TG, Student’s t test, Figure 1J).

We performed qualitative analyses of the distribution of NHP in
cortical Layer 5 of TG and TG-Tmice. Figures 2A–D show the triple
immunostaining of NHP (green), neurons (blue), and astrocytes
(red). Figure 2A, a merge of the 3 channels of fluorescence shown in
Figures 2B–D, is the z-projection of 2 consecutive confocal scans
taken with a ×40 objective (0.6 µm each, total thickness 1.2 µm).
From the images it is possible to appreciate that NHP
immunostaining is present in cortical parenchyma where it is
aggregated to form many neuritic plaques (white arrows, Figures
2A,B,D). Hypertrophic astrocytes are arranged around neuritic
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plaques, evidenced by the white arrows in Figure 2D. It appears that
NHP immunostaining is also present in the cytoplasm of many
degenerating neurons (open arrows, Figures 2A–C). The
localization of NHP in the cytoplasm of degenerating neurons is
more clearly visible in the images reported in Figures 2E–G, which
show z-projections of 4 confocal scans (0.6 µm each, total thickness

2.4 µm), of neurons (blue, Figure 2E), NHP (green, Figure 2F), and
the merge of the 2 previous images. It is evident that NHP was
highly expressed in the cytoplasm of the 2 neurons, as indicated by
the open arrows. The nucleus of the left neuron is fragmented, an
index that the neuron is in degeneration. Neuritic plaques were
characterized using triple immunostaining of NHP (Figure 2I,

FIGURE 1
Analysis of Aβ plaques and neurofilament heavy polypeptide (NHP) in the cortex of TG and TG-T mice. (A,B) Representative confocal images of Aβ
immunostaining (green) in the cortex of a TG (A) and a TG-T (B) mouse. Neurons were immunostained in red. The white dashed lines delineate Layer 5.
Scale bar: 100 μm. (C)Quantitative analysis of Aβ load (Aβ immunofluorescence) in the cortex of TG (n = 8) and TG-T (n = 6)mice. (D)Quantitative analysis
of the density of Aβ plaques in the cortex of TG (n = 8) and TG-T (n = 6)mice. (E)Quantitative analysis of the density of Aβ plaques in Layer 5 of TG (n =
8) and TG-T (n = 6) mice. (F) Quantitative analysis of the density of Aβ plaques in the remaining Layers (2–4 and 6) of TG (n = 8) and TG-T (n = 6) mice.
(G–H) Representative confocal images of NHP immunostaining (green) in the cortex of TG and TG-T mice. Neurons were immunostained in red. The
white dashed lines delineate Layer 5. Scale bar: 100 μm. (I)Quantitative analysis of NHP immunofluorescence in the cortex of TG (n = 6) and TG-T (n = 6)
mice. (J)Quantitative analysis of NHP immunofluorescence in Layer 5 of TG (n = 5) and TG-T (n = 5)mice. Data reported in all graph bars are expressed as
mean ± SEM. All statistical analyses were performed by Student’s t-test and significativity was set at P < 0.05.
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green), Aβ (Figure 2J red), and neurons (Figure 2K, blue).
Figure 2H, a merge of the 3 channels of fluorescence shown in
Figures 2I–K, is the z-projection of 5 consecutive confocal scans
taken with a ×40 objective (0.6 µm each, total thickness 3.0 µm). It is
evident from the images (Figures 2H–J), that NHP aggregated with
Aβ to form neuritic plaques (orange-yellow color), surrounded by

astrocytes (as evidenced in Figure 2A). The core of the plaques was
formed by NHP that colocalized with Aβ (yellow-orange color)
while in the more external part, NHP (green) was juxtaposed, not
overlapped, to Aβ (red). Many neurons surrounding and in the
vicinity of the neuritic plaques (open arrows) showed Aβ aggregates
in their cytoplasm, mainly in the cytoplasm close to the plasma

FIGURE 2
Qualitative analysis of the interplay among neurons, astrocytes, neurofibrillary tangles (NHP) and Aβ deposits in the cortex of a TG mouse. (A–D)
Representative confocal images of triple labelling immunostaining of NHP (B, green), neurons (C, blue), and astrocytes (D, red) in the cortex of a
TG mouse. A is the merge of the three fluorescence channels. Each image is the z-projection of 10 consecutive confocal scans acquired with a 20x
objective, each 1.2 µm thick (total thickness 12 µm). Open arrows indicate NHP localizedwithin neurons, white arrowsNHP in the parenchyma. Scale
bar: 25 µm. (E–G) Representative confocal images of double labelling immunostaining of NeuN (E, blue) and NHP (F, green). G is the merge of the two
fluorescence channels. Each image is the z-projection of 4 consecutive confocal scan acquired with a 40x objective, each 0.6 µm thick (total thickness
2.4 µm). Open arrows indicate NHP localized within neurons. Scale bar: 10 µm. (H–K) Representative confocal images of triple labelling immunostaining
of NHP (I, green), Aβ (J, red), and neurons (K, blue) in the cortex of a TG mouse. H is the merge of the three fluorescence channels. Each image is the
z-projection of 5 consecutive confocal scans acquired with a 40x objective, each 0.6 µm thick (total thickness 3 µm). Open arrows indicate Aβ localized
within neurons, white arrows neuritic plaques in the parenchyma, arrowheads NHP and Aβ in neuron cytoplasm. Scale bar: 20 μm. (H1–K1) Enlargement
of the framed areas of the above images. Each image is one single confocal scan acquired with a 40x objective, total thickness 0.6 µm. Open arrows
indicate Aβ localized within neurons, white arrows neuritic plaques in the parenchyma, arrowheads NHP and Aβ in neuron cytoplasm. Scale bar: 5 µm.
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membrane. It is interesting to note that two neurons (indicated by
the white arrowheads), in close contact with two neuritic plaques,
had both NHP (Figure 2I) and Aβ (Figure 2J) aggregates in their
cytoplasm. The enlargements of the framed area of Figure 2H,
shown in Figures 2H1–K1 show different phenomic states of
3 neurons in the surroundings of the neuritic plaque (the images
are enlargements of 1 single confocal scan taken with a 40X
objective, total thickness 0.6 µm). The open arrows show

neurons with aggregates of Aβ in the cytoplasm, mainly close to
the plasma membrane. The white arrowheads show a neuron in
close contact with the neuritic plaque containing aggregates of NHP
and Aβ (the colocalization is indicated by the cyan-white color in
the merged image, Figure 2H1). Fragments of a neuron (indicated
by the open arrowheads), colocalize with aggregates of NHP and Aβ
and are incorporated in the neuritic plaque. The symbiotic
treatment with pre- and probiotics decreased the formation of

FIGURE 3
Analysis of neurons in the cortex of WT, WT-T, TG and TG-Tmice. (A–D) Representative confocal images of NeuN immunostaining of neurons (red)
in the cortex of aWT (A), a WT-T (B), a TG (C), and a TG-Tmouse (D). The white dashed lines delineate Layer 5. Scale bar: 100 μm. (E)Quantitative analysis
of the cortical thickness of WT (n = 6), WT-T (n = 6), TG (n = 6), and TG-T (n = 6) mice. (F)Quantitative analysis of neuronal density (neurons/mm2) in the
cortex of WT (n = 8), WT-T (n = 6), TG (n = 8), and TG-T (n = 6) mice. (G)Quantitative analysis of the thickness of Layer 5 of WT (n = 8), WT-T (n = 6),
TG (n = 8), and TG-T (n = 6) mice. (H) Quantitative analysis of total neurons in Layer 5 of WT (n = 8), WT-T (n = 6), TG (n = 8), and TG-T (n = 6) mice. (I)
Quantitative analysis of neurons/mm2 in Layer 5 ofWT (n = 8),WT-T (n = 6), TG (n = 8), and TG-T (n = 6)mice. Data reported in all graph bars are expressed
as mean ± SEM. All statistical analyses were performed by two way ANOVA followed by Newman-Keuls multiple comparison test and significativity was
set at P < 0.05.
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neuritic plaques, as shown in the quantitative analyses of
Figures 1I,J.

The treatment with pre- and probiotics
prevents neurodegeneration in the cortex

Using immunohistochemical staining with anti-NeuN antibody,
we evaluated the thickness of the cortex from Layer 2 to Layer 6 and

the density of neurons (Figure 3 red) in cortical sections of wild type
mice (WT, Figure 3A), wild type mice fed with probiotics and
prebiotics (WT-T, Figure 3B), APP/PS1 mice (TG, Figure 3C) and
APP/PS1 mice fed with pre- and probiotics (TG-T, Figure 3D).
Qualitative images of immunolabelled cortical sections are shown in
Figures 3A–D. The graph in Figure 3E, shows the quantitative
analysis of the entire cortical thickness, and demonstrates a small
but significant shrinkage of the cortex in TG mice (−9% vs. WT
mice; Statistical analysis: two-way ANOVA: Genotype F(1,20) =

FIGURE 4
Analysis of astrocytes in the cortex of WT, WT-T, TG and TG-T mice. (A–D) Representative confocal images of GFAP immunostaining of astrocytes
(green) and neurons (red) in the cortex of aWT (A), a WT-T (B), a TG (C) and a TG-T (D)mouse. The white dashed lines delineate Layer 5. Scale bar: 100 μm
(A–D). (C1, D1): Enlargements of Layer 5 of the above images in C and D. Scale bar: 40 µm. (E) Quantitative analysis of GFAP+ astrocyte density (cells/
mm2) in the cortex of WT (n = 9), WT-T (n = 5), TG (n = 6), and TG-T (n = 6)mice. (F)Quantitative analysis of GFAP immunofluorescence in the cortex
of WT (n = 9), WT-T (n = 5), TG (n = 6), and TG-T (n = 5) mice. (G)Quantitative analysis of GFAP+ astrocyte density (cells/mm2) in Layer 5 of WT (n = 10),
WT-T (n = 8), TG (n = 6), and TG-T (n = 9) mice. (H)Quantitative analysis of GFAP immunofluorescence in Layer 5 of WT (n = 8), WT-T (n = 6), TG (n = 6),
and TG-T (n = 7) mice. Data reported in all graph bars are expressed as mean ± SEM. All statistical analyses were performed by two way ANOVA followed
by Newman-Keuls multiple comparison test and significativity was set at P < 0.05.
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FIGURE 5
Analysis of total microglia in the cortex ofWT,WT-T, TG and TG-Tmice. (A–D) Representative confocal images of IBA1 immunostaining ofmicroglia
(green) and neurons (red) in the cortex of WT, WT-T, TG and TG-T mice. The white dashed lines delineate Layer 5. Scale bar: 100 μm. (E) Quantitative
analysis of IBA1+ total microglia density in the cortex of WT (n = 4), WT-T (n = 6), TG (n = 6), and TG-T (n = 6) mice (cells/mm2). (F)Quantitative analysis of
IBA1 immunofluorescence in the cortex of WT (n = 7), WT-T (n = 6), TG (n = 6), and TG-T (n = 7) mice. (G) Quantitative analysis of
IBA1 immunofluorescence per microglia (% positive pixels/cell) in the cortex of WT (n = 4), WT-T (n = 6), TG (n = 6), and TG-T (n = 6) mice. (H,I)
Representative confocal images of IBA1 immunostaining of microglia (green) and neurons (red) in Layer 5 of TG and TG-T mice. Scale bar: 50 μm. (J)

(Continued )
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0.8619, n.s.; Treatment F(1,20) = 9.190, P < 0.01, Interaction F(1,20) =
5.849, P < 0.05; Newman-Keuls multiple comparison test: *P <
0.05 TG vs. WT; ##P < 0.01 TG-T vs. TG). However, the density of
neurons in the entire thickness of the cortex of TG mice, although
slightly lower than those inWTmice (−6%, n.s.) was not statistically
different among the four experimental groups (Statistical analysis:
two-way ANOVA showed no significant differences among groups),
as shown in Figure 3F.

Taking into consideration the results of the quantitative analyses
of Aβ plaques shown in Figure 1 and in the previous paragraph, we
performed a separate quantitative analysis of the thickness and of the
density of neurons of cortical Layer 5, which had been previously
shown to be the most damaged layer in AD models (Chen et al.,
2022). The graph in Figure 3G demonstrates a significant shrinkage
of Layer 5 in TG mice (−10% vs. WT mice). This effect was
significantly attenuated by the treatment with pre- and probiotics
(Statistical analysis: two-way ANOVA: Genotype F(1,24) = 2.780, n.s.;
Treatment F(1,24) = 10.660, P < 0.01, Interaction F(1,24) = 6.938, P <
0.05; Newman-Keuls multiple comparison test: **P < 0.01 TG vs.
WT; ##P < 0.01 TG-T vs. TG). The quantitative analyses of neurons
showed that both the total number, and the density of neurons
decreased significantly in Layer 5 of TG mice, and the treatment
significantly prevented this loss (Figures 3H,I, respectively).
Figure 3H shows that the significant decrease of neurons (−23%
TG vs. WT) in cortical Layer 5 of TG mice was significantly
attenuated by the treatment (Statistical analysis: two-way
ANOVA: Genotype F(1,24) = 5.560, P < 0.05; Treatment F(1,24) =
8.468, P < 0.01, Interaction F(1,24) = 7.812, P < 0.05; Newman-Keuls
multiple comparison test: ***P < 0.001 TG vs. WT; ##P < 0.01 TG-T
vs. TG). Figure 3I shows that neuronal density in cortical Layer 5 of
TG mice decreased significantly (−20% TG vs. WT). The treatment
significantly prevented this effect (Statistical analysis: two-way
ANOVA: Genotype F(1,24) = 4.856, P < 0.05; Treatment F(1,24) =
3.178, n.s., Interaction F(1,24) = 7.112, P < 0.05; Newman-Keuls
multiple comparison test: **P < 0.01 TG vs. WT; #P < 0.05 TG-T vs.
TG). The neuroprotection caused by the treatment in cortical Layer
5 matches with the above-described decrease of neuritic plaques
(see Figure 1).

Characterization of astrocytes in cortex

Astrocytes were visualized by immunohistochemistry with anti-
GFAP antibody (Figures 4A–D1, green) in cortex sections of wild
type mice (WT, Figure 4A), wild type mice fed with probiotics and
prebiotics (WT-T, Figure 4B), APP/PS1 mice (TG, Figure 4C), and
APP/PS1 mice treated with pre- and probiotics (TG-T, Figure 4D).
GFAP (glial fibrillary acidic protein) is a widely used marker of
astrocytes (Yang and Wang, 2015). Neurons were immunostained
with anti NeuN antibody (Figures 4A–D1, red). Enlargements of

Layer 5 of TG and TG-T mice are shown in Figures 4C1–D1. From
the representative confocal images, it is apparent that astrocytes are
more numerous and more activated in the cortex of both TG and
TG-T mice in comparison to WT and WT-T mice. It is possible to
envisage that astrocytes activation is mainly around plaques (see also
Figures 2A–D).

The graphs in Figures 4E,F show the results of quantitative analyses
of astrocytes density andGFAP expression in the entire cortex of the four
experimental groups. There was no significant difference in astrocyte
density in the cortex of WT and WT-T mice. Astrocytes density
increased significantly in TG (+ 888% TG vs. WT) and TG-T mice
(+ 810% TG vs. WT), compared to WT and WT-T mice (Figure 4E)
(Statistical analysis: two-way ANOVA: Genotype F(1,22) = 572.0, P <
0.0001; Treatment F(1,22) = 2.022, n.s., Interaction F(1,22) = 0.5879, n.s.;
Newman-Keuls multiple comparison test: ***P < 0.001 TG vs. WT, and
TG-T vs. WT; TG-T vs. TG, n.s.).

In the cortex of WT treated mice, we observed a slight, not
significant, increase in the expression of GFAP, in comparison to
WT mice. In the cortex of TG mice, the expression of GFAP was
significantly higher than in WT and WT-T mice (+433%, TG vs.
WT), and it was further increased by the treatment (+744, TG-T vs.
WT; +54% TG-T vs. TG, Figure 4F) (Statistical analysis: two-way
ANOVA: Genotype F(1,20) = 42.95, P < 0.001; Treatment F(1,20) =
7.307, P < 0.05, Interaction F(1,20) = 0.9335, n.s.; Newman-Keuls
multiple comparison test: ***P < 0.001 TG vs. WT, and TG-T vs.
WT; #P < 0.05 TG-T vs. TG).

The graphs in Figures 4G,H show the results of astrocytes density
and GFAP expression in Layer 5 of the four experimental groups,
respectively. There was no significant difference in astrocyte density in
Layer 5 of WT and WT-T mice. Astrocytes density increased
significantly in TG (+ 579% TG vs. WT) and TG-T mice (+ 576%
TG vs. WT), compared to WT andWT-T mice (Figure 4G) (Statistical
analysis: two-way ANOVA: Genotype F(1,28) = 399.3, P < 0.001;
Treatment F(1,28) = 0.00467, n.s., Interaction F(1,28) = 0.0135, n.s.;
Newman-Keuls multiple comparison test: ***P < 0.001 TG vs. WT,
and TG-T vs. WT; TG-T vs. TG n.s.).

In cortical Layer 5 of TG mice, the expression of GFAP was
significantly higher than in WT and WT-T mice (+302%, TG vs.
WT), and it was further increased by the treatment (+853%, TG-T
vs. WT; +138% TG-T vs. TG, Figure 4H) (Statistical analysis: two-
way ANOVA: Genotype F(1,21) = 52.69, P < 0.001; Treatment
F(1,21) = 10.63, P < 0.01, Interaction F(1,21) = 12.53, P < 0.01;
Newman-Keuls multiple comparison test: *P < 0.05 TG vs. WT,
***P < 0.001 TG-T vs. WT; ###P < 0.001 TG-T vs. TG).

Characterization of microglia in the cortex

To perform the quantitative analysis of total microglia in cortical
sections of wild type mice (WT), wild type mice fed with pre- and

FIGURE 5 (Continued)

Quantitative analysis of IBA1+ total microglia density in Layer 5 of WT (n = 4), WT-T (n = 6), TG (n = 6), and TG-T (n = 6) mice (cells/mm2). (K)
Quantitative analysis of IBA1 immunofluorescence in Layer 5 of WT (n = 6), WT-T (n = 6), TG (n = 5), and TG-T (n = 7) mice. (L) Quantitative analysis of
IBA1 immunofluorescence permicroglia (% positive pixels/cell) in Layer 5 ofWT (n = 4), WT-T (n = 5), TG (n = 5), and TG-T (n = 5)mice. Data reported in all
graph bars are expressed as mean ± SEM. All statistical analyses were performed by two way ANOVA followed by Newman-Keuls multiple
comparison test and significativity was set at P < 0.05.
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FIGURE 6
Analysis of ball&chain phagocytic microglia in Layer 5 of TG and TG-T mice. (A,B) Representative confocal images of immunostaining of microglia
(IBA1, green) and Aβ plaques (red) in Layer 5 of TG and TG-T mice. Each image is the z-projection of 10 consecutive confocal scan acquired with
a ×20 objective, each 1.2 µm thick (total thickness 12 µm). Open arrows indicate Aβ plaques surrounded by ball&chain phagocytic microglia. Scale bar:
50 μm. (C) Representative confocal image (acquired with ×40 objective) of microglia (IBA1, green) and Aβ (red) in Layer 5 The image is the
z-projection of 10 confocal scans (each 0.6 μm, total thickness 6 µm). Microglia around amyloid plaques (white arrows) and two microglia cells far from
plaques (open arrows) are pointed out. Scale bar: 10 μm. (D)Quantitative analysis of microglia near plaques in Layer 5 of TG (n = 5) and TG-Tmice (n = 5).
(E) Quantitative analysis of ball&chain pouches in Layer 5 of TG (n = 5) and TG-T mice (n = 6). (F) Quantitative analysis of ball&chain pouches/plaque in
Layer 5 of TG (n = 5) and TG-T mice (n = 6). (G) Representative confocal image (acquired with ×40 objective) of microglia (IBA1, green) and Aβ (red) in
Layer 5 of a TG mouse to evidence the engulfment of Aβ by ball&chain phagocytic microglia pouches (open arrows). The image is the z-projection of a
single confocal scan (total thickness 0.6 µm). Scale bar: 10 μm. Data reported in all graph bars are expressed as mean ± SEM. All statistical analyses were
performed by Student’s t-test and significativity was set at P < 0.05.
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probiotics (TG-T), APP/PS1 mice (TG) and APP/PS1 mice fed with
pre- and probiotics (TG-T), we immunolabelled microglia with anti-
IBA1 antibody (Figures 5A–D,H,I, green), and neurons with anti
NeuN antibody (Figures 5A–D,H,I, red). Images of fluorescent
immunostaining show that microglia changed their
morphological features in the cortex (Figures 5, 6), especially
around amyloid plaques. The Ionized calcium binding adaptor
molecule 1 (IBA1) is one of the most well-established markers
of microglia.

Quantitative analysis showed that microglia density, total
IBA1 expression and IBA1 expression/cell in the cortex of WT
mice were not different from those of WT-T mice (Figures 5D,E).
The density of microglia increased significantly in the cortex of TG,
compared to WT mice (Figure 5E). However, in TG-T mice, the
density of cortical microglia was significantly lower than in TG mice
(−26% TG-T vs. TG, Figure 5E) (Statistical analysis: two-way
ANOVA: Genotype F(1,18) = 34.00, P < 0.001; Treatment F(1,18) =
3.337, n.s., Interaction F(1,18) = 1.505, n.s.; Newman-Keuls multiple
comparison test: ***P < 0.001 TG vs. WT, *P < 0.05 TG-T vs. WT;
#P < 0.05 TG-T vs. TG).

The expression of IBA1 was significantly higher in the cortex of
TG mice in comparison to WT andWT-T mice, but in the cortex of
TG-T mice the treatment decreased significantly the increase of
IBA1 expression (−19%, TG-T vs. TG, Figure 5F) (Statistical
analysis: two-way ANOVA: Genotype F(1,22) = 65.30, P < 0.001;
Treatment F(1,22) = 0.4014, n.s., Interaction F(1,22) = 5.982, P < 0.05;
Newman-Keuls multiple comparison test: ***P < 0.001 TG vs. WT,
***P < 0.001 TG-T vs. WT; #P < 0.05 TG-T vs. TG). However, the
expression of IBA1/cell did not change significantly in TG or TG-T
mice, compared to WT and WT-T mice (Figure 5G) (Statistical
analysis: two-way ANOVA showed no significant differences
among groups.)

We performed the analysis of microglia in Layer 5 of the cortex,
see the qualitative images of TG and TG-T mice in Figures 5H,I. We
found a highly significant increase in microglia density in Layer 5 of
TG mice (Figure 5J). The treatment caused a non-significant
decrease in microglia density (−20%, TG-T vs. TG, Figure 5J)
(Statistical analysis: two-way ANOVA: Genotype F(1,18) = 31.20,
P < 0.001; Treatment F(1,18) = 1.792, n.s., Interaction F(1,18) = 0.6568,
n.s.; Newman-Keuls multiple comparison test: **P < 0.01 TG vs.
WT, *P < 0.05 TG-T vs. WT; TG-T vs. TG, n.s.). Nevertheless,
IBA1 expression in Layer 5 of TG mice was higher than in WT and
WT-T mice, and in the cortex of TG-T mice the treatment with pre-
and probiotics attenuated significantly the increase of
IBA1 expression (−18%, TG-T vs. TG) (Figure 5K) (Statistical
analysis: two-way ANOVA: Genotype F(1,20) = 85.25, P < 0.001;
Treatment F(1,20) = 3.870, n.s., Interaction F(1,20) = 2.625, n.s.;
Newman-Keuls multiple comparison test: ***P < 0.001 TG vs.
WT, ***P < 0.001 TG-T vs. WT; #P < 0.05 TG-T vs. TG).

Interestingly, in Layer 5 of TG mice, the expression of IBA1/cell
was significantly higher than inWT andWT-Tmice, indicating that
in TG mice each microglia cell was bigger and possibly more
activated than in WT and WT-T mice. The treatment with pre-
and probiotics prevented significantly microglia activation (−21%,
TG-T vs. TG, Figure 5L) (Statistical analysis: two-way ANOVA:
Genotype F(1,15) = 21.76, P < 0.001; Treatment F(1,15) = 0.837, n.s.,
Interaction F(1,15) = 5.855, P < 0.05; Newman-Keuls multiple
comparison test: **P < 0.01 TG vs. WT; #P < 0.05 TG-T vs. TG).

The treatment with pre-and probiotics attenuated microglia
activation in Layer 5 of the cortex.

In Layer 5 of TG mice, activated microglia was mainly located
around amyloid plaques, as shown by the qualitative image
presented in Figure 6A, which shows the immunolabelling of
microglia (green) and Aβ (red). Figure 6C shows the different
morphological features of microglia located close (white arrows)
or far (open arrows) from an amyloid plaque in Layer 5 of a TG
mouse. In TG-T mice, the distribution of microglia around plaques
was significantly lower than in TG mice (−30% TG-T vs. TG,
Statistical analysis: Student’s t test: *P < 0.05 TG-T vs. TG), as
shown in Figure 6D.

We evaluated “ball&chain” phagocytic microglia, characterized
by spherical phagocytic pouches (ball) at the tip of microglial
terminal branches (chain), which can phagocytose apoptotic
debris or Aβ plaques (Sierra et al., 2010). Most ball&chain
microglia in Layer 5 of TG mice surrounded amyloid plaques
(Figures 6A,B).

We quantified the spherical phagocytic pouches of ball&chain
microglia in Layer 5 and we found that the treatment with pre- and
probiotics significantly decreased both total pouches (−52%, TG-T
vs. TG, Statistical analysis: **P < 0.01 TG-T vs. TG, Student’s t test;
Figure 6E) and the pouches located around plaques (−38% TG-T vs.
TG, Statistical analysis: *P < 0.05 TG-T vs. TG, Student’s t test;
Figure 6F). The ball&chain microglia pouches located around
plaques were actively phagocytosing Aβ, as shown by the orange-
yellow color evidenced by the open arrows in the qualitative double
confocal image shown in Figure 6G. The image shows a z-projection
of a single confocal scan (total thickness 0.6 µm), merge of IBA1
(green), and Aβ immunolabelling (red).

To further evidence the activation of microglia, we performed
immunostaining with anti CD68 antibody (Figures 7A–D, green)
and neurons were immunostained with NeuN antibody (Figures
7A–D, red). Cluster of Differentiation 68 is a marker of the
phagocytic phenotype of microglia. Quantitative analysis of
microglia activation in the cortex, defined by
CD68 immunofluorescence expression, is shown in Figure 7E. In
TG mice, CD68 expression was significantly higher than in WT and
WT-T mice, and was decreased significantly by the treatment
(−33%, TG-T vs. TG, Figure 7E) (Statistical analysis: two-way
ANOVA: Genotype F(1,21) = 71.79, P < 0.001; Treatment F(1,21) =
3.581, n.s., Interaction F(1,21) = 5.143, P < 0.05; Newman-Keuls
multiple comparison test: ***P < 0.001 TG vs. WT; ***P < 0.001 TG-
T vs. WT; ##P < 0.01 TG-T vs. TG). Figure 7F shows an enlargement
of ball&chain microglia that highlights its morphology, with the
open arrows that indicate the ball&chain pouches. Double labelling
of microglia with IBA1 (green) and CD68 (red), shown in Figure 7G,
demonstrate that ball&chain pouches expressed CD68, a marker of
microglia activation (yellow-orange color, open arrows).

Fraktalkine receptor CX3CR1 is expressed onmicroglia cells and
is involved in their phagocytic activity, since its ligand fraktalkine
acts as a chemokine and drives microglia towards the targets of
phagocytosis. Analyzing the fractalkine receptor CX3CR1, we found
that it was highly expressed in microglia of TG mice (+122% TG vs.
WT, Figure 7H). The quantitative analysis revealed that the
treatment with pre- and probiotics decreased significantly
CX3CR1 expression (−33%, TG-T vs. TG, Figure 7J) (Statistical
analysis: two-way ANOVA: Genotype F(1,18) = 19.45, P < 0.001;
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Treatment F(1,18) = 3.049, n.s., Interaction F(1,18) = 3.049, n.s.;
Newman-Keuls multiple comparison test: **P < 0.01 TG vs. WT;
#P < 0.05 TG-T vs. TG).

Discussion

In this research, we carried out further studies on the model we
recently developed of APP/PS1 mice fed with a 6-month pre- and
probiotics enriched diet (Lana et al., 2024; Traini et al., 2024). APP/
PS1 is a transgenic mouse strain characterized by robust and highly
diffuse Aβ plaque deposition starting at 3 months of age (Radde

et al., 2006). We investigated the effects of the pre- and probiotics
enriched diet on the histopathological hallmarks of AD in the
frontoparietal cortex of APP/PS1 mice focusing on neuronal
degeneration and glia activation. In 8-month-old transgenic mice,
we found intense Aβ plaque load and accumulation of neurofilament
heavy polypeptide (NHP) in degenerating plaque neurites
(hallmarks of AD), but also neuronal degeneration, shrinkage of
the cortex, and microglia and astrocytes activation. All these effects
were mainly evident in cortical Layer 5. Symbiotic treatment for
6 months with pre- and probiotics decreased Aβ deposition and
neuritic plaques in the frontoparietal cortex. In addition, the
treatment prevented the degeneration of neurons, the cortical

FIGURE 7
Analysis of activated microglia in the cortex of WT, WT-T, TG and TG-T mice. (A–D) Representative confocal images of CD68 immunostaining of
microglia (green) and neurons (red) in the cortex of WT, WT-T, TG and TG-T mice. The white dashed lines delineate Layer 5. Scale bar: 100 μm. (E)
Quantitative analysis of CD68+ activated microglia density in the cortex of WT (n = 7), WT-T (n = 6), TG (n = 6), and TG-T (n = 6) mice (cells/mm2). (F)
Representative confocal image of IBA1 immunostaining of microglia (green) and neurons (blue) in Layer 5 of a TG mouse. Total thickness 21 µm.
Scale bar: 10 μm. (F) Representative confocal image of IBA1 immunostaining ofmicroglia (green) and CD68 (red) in Layer 5 of a TGmouse. Total thickness
6 µm. Scale bar: 10 μm. (H,I) Representative confocal images of IBA1 immunostaining of microglia (green) and CX3CR1 (red) in Layer 5 of a TG and a TG-T
mouse. Scale bar: 10 μm. (J)Quantitative analysis of CX3CR1 immunofluorescence in Layer 5 ofWT (n = 4), WT-T (n = 5), TG (n = 6), and TG-T (n = 7)mice.
Data reported in all graph bars are expressed as mean ± SEM. All statistical analyses were performed by two way ANOVA followed by Newman-Keuls
multiple comparison test and significativity was set at P < 0.05.
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shrinkage, increased GFAP expression, and modified microglia
phenomic, decreasing significantly microglia activation. The
abovementioned effects of the treatment were mostly evident in
cortical Layer 5. All these data confirm that a prolonged dietary
regimen enriched with pre- and probiotics counteracts many of the
histopathological hallmarks of AD, and pose the bases for simple,
affordable treatment that may help prevent AD. A schematic
representation of our results is presented in Figure 8.

One of the histopathological hallmarks of AD is the
accumulation of Aβ fibrils and plaques in brain parenchyma
(Koyama et al., 2012; Hayden and Teplow, 2013). However, the
exact origin of excessive Aβ load in the brain of animal models of AD
and of AD patients has not been completely understood. Evidence
suggests that both the vagal pathway (Willyard, 2021), and the
increased delivery of Aβ to the brain caused by high Aβ levels in
circulating blood might be responsible for increased Aβ levels in
brain parenchyma during aging (Rocchi et al., 2009). Indeed, it has
been demonstrated that cerebral Aβ load correlates with plasma
concentration of Aβ (Nakamura et al., 2018; Jin et al., 2023). Gut
microbiota and enterocytes are the major producers of Aβ outside
the brain (Pallebage-Gamarallage et al., 2012; Nakamura et al., 2018;
Galloway et al., 2019). The quantitative and qualitative modification
of gut microbiota, mainly characterized by the increase of Gram-
negative and the decrease of Gram-positive bacteria, causes aberrant
accumulation of APP in the gut (Brandscheid et al., 2017; Kowalski
and Mulak, 2019). In particular, B. subtilis (Gram+) and E. coli
(Gram-) are the main producers of Aβ (de Kivit et al., 2014;
Pistollato et al., 2016; Friedland and Chapman, 2017) which,
given the dysfunctionality of the intestinal barrier demonstrated

in APP/PS1 mice (Ou et al., 2020), can pass easily from the gut to the
circulation. Dysbiosis, which develops during aging (for ref. see
Gupta et al., 2024) and in AD patients even at the early stages of the
disease (Cattaneo et al., 2017; Vogt et al., 2017; Kesika et al., 2021),
may cause increased blood Aβ concentration. The altered
microbiota of APP/PS1 transgenic mice overproduces Aβ
(Harach et al., 2017), and causes a high Aβ load in the brain
(Radde et al., 2006). Indeed, in gut autopsies of Alzheimer
patients, it has been detected aberrant deposition of Aβ
(Honarpisheh et al., 2020). Thus, it seems that with age or at
early stages of AD, more than the vagal pathway (Willyard,
2021), the circulation route plays a major role in increasing the
Aβ load in the brain (Jin et al., 2023). We had previously
demonstrated that Akkermansiaceae were significantly reduced in
gut faeces of APP/PS1 mice (Traini et al., 2024). The decrease of
Akkermansia has been associated with intestinal barrier dysfunction,
obesity, type 2 diabetes, and other metabolic syndromes which
represent risk factors for AD (Cani et al., 2022). It has previously
been shown that Akkermansia administration to APP/PS1 mice is
associated with significant reduction of Aβ load in the cortex and
amelioration of cognitive deficits (Ou et al., 2020). Our results
suggest that a precocious 6-months treatment with pre- and
probiotics, a symbiotic mixture composed of a multi-extract of
fibers, plant complexes and Lactobacilli, can counteract the
reduction in Akkermansia observed in APP/PS1 mice (Traini
et al., 2024). Additional investigations are needed to understand
the mechanisms underlying the modulation of the microbiota in
APP/PS1 mice by the symbiotic administration of pre- and
probiotic. In this respect, Akkermansia has been demonstrated to

FIGURE 8
Schematic representation of the effect of pre- and probiotic administration of AD hallmarks in cortical Layer 5.
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reduce levels of Aβ40-42, to normalize BDNF and improve cognitive
functions in mice (Ou et al., 2020; Cheng et al., 2021).

In the present work we also studied the pattern of accumulation
of neurofilament heavy polypeptide (NHP) in neurofibrillary tangles
and degenerating neuritic plaques, hallmarks of AD. Indeed, AD is
characterized not only by the extracellular deposition of Aβ, but also
by the accumulation of Tau protein within neurons (neurofibrillary
tangles), dendrites (neuropil threads), and neuritic plaques in brain
parenchyma, which induce defects of synaptic connections. It has
been demonstrated that neuritic plaques colocalize with Aβ deposits
(Lewczuk et al., 2018; Moloney et al., 2021). We found that in the
cortex of APP/PS1 mice, high levels of NHP were localized in
neuritic plaques as well as in the cytoplasm of many neurons.
According to Moloney and colleagues (Moloney et al., 2021) we
found pretangles in neurons, with a perinuclear accumulation of
NHP and a granular staining cytoplasmic pattern. We also found
neuropil threads outside the soma, and neuritic plaques where NHP
was associated with Aβ. NHP in neuron cytoplasm form
neurofibrillary tangles, a possible cause of neuronal degeneration
(Josephs et al., 2013). It has been demonstrated that Aβ can
accumulate intraneuronally, with toxic effects on synapses and
dendritic spines, both in AD brains and in transgenic mice
models of the disease (Lacosta et al., 2017). Neuritic plaques are
principally composed of neuron fragments, bulbous and thread-like
dystrophic neurites surrounding a core of Aβ deposits (Probst et al.,
1983; Moloney et al., 2021), and recent reports show that
intracellular accumulation of Aβ, toxic for neurons, can cause the
accumulation of NHP in neurofibrillary tangles and degenerating
neuritic plaques, where it is deposited around Aβ (Lacosta et al.,
2017). We found neurons in three different stages of degeneration
around plaques: neurons with aggregates of Aβ in the cytoplasm,
mainly close to the plasma membrane, neurons in close contact with
the neuritic plaque with aggregates of Aβ and NHP, and neuronal
fragments containing aggregates of Aβ and NHP and inglobated in
the neuritic plaque. We speculate that neurons near plaques go
through three different stages of degeneration. First, Aβ levels
increase intraneuronally forming aggregates; second, Aβ-load
triggers NHP accumulation; third, both Aβ and NHP cause
neuronal death and their spillover to the parenchyma contribute
to buildup of neuritic plaques. The symbiotic treatment with pre-
and probiotics significantly attenuated the accumulation of Aβ and
NHP in the cortex, mainly in Layer 5, and consequently did not
cause the accumulation of intraneuronal NHP, decreased neuronal
death and the buildup of further neuritic plaques.

In APP/PS1 mice, amyloid plaques develop in the cortex already
at 2 months of age (Radde et al., 2006), and neurons of cortical Layer
5 are the earliest affected, causing age-dependent impairment of
synaptic plasticity, synapse loss and cognitive decline (Crouzin et al.,
2013; Seo et al., 2014; Colié et al., 2017; Li K. et al., 2019). In our
experiments, at 8 months, diffuse and robust Aβ plaque deposition
caused shrinkage of the whole cortical thickness, while the density of
the neurons in the entire cortex was unaffected. Cortical shrinkage
was mainly caused by the degeneration of neurons in Layer 5, in
agreement with results previously obtained in 12-month-old 5xFAD
mice (transgenic mice with 5 mutations:_APP K670_M671delinsNL
(Swedish), APP I716V (Florida), APP V717I (London),
PSEN1 M146L (A>C), PSEN1 L286V), which have significant
neuronal loss in Layer 5 of the frontal cortex, while the overall

neuron number in the cortex is unchanged (Jawhar et al., 2012; Chen
et al., 2022; Chen et al., 2023). It appears that neurons in Layer 5 of
transgenic mice are the preferential target of Aβ plaques-driven
neurotoxic mechanisms. Chen and colleagues (Chen et al., 2022)
demonstrated in 5xFAD mice that the neurons of Layer 5 have
decreased excitatory and increased inhibitory cortical connectivity,
which the authors suggest may make these neurons more vulnerable
to the overexpression of APP and PS1 in this mouse strain (Chen
et al., 2022). Interestingly, the 6-months long treatment with pre-
and probiotics prevented not only neuritic plaque deposition, but
also neuronal degeneration and cortical shrinkage. In TG-T mice,
both these parameters did not differ from those of WT mice. We
have previously demonstrated that APP/PS1 mice at 8 months of age
have a significant increase in plasmatic Aβ1-42 concentration
(Traini et al., 2024), and treatment with pre- and probiotics
prevents not only gut dysbiosis, but also the increase of Aβ blood
levels (Traini et al., 2024), with consequent decrease of Aβ plaque
load in the hippocampus (Lana et al., 2024) and in the cortex, as here
demonstrated.

In addition, upon the hypothesis that dysfunctional
microbiota, which is known to influence the activation of glia
(Erny et al., 2015; Rothhammer et al., 2016), we analyzed
astrocytes and microglia in the cortex of the 4 experimental
groups. Astrocytes density and expression of GFAP increased in
the cortex of TG mice, mainly in Layer 5. The treatment with pre-
and probiotics did not change the density of astrocytes, but
further increased these GFAP expression, an indication that
astrocytes were more activated in TG-T than in TG mice, an
effect that was more significant in Layer 5.The microbiota
produces aryl hydrocarbon (AH) ligands, that bind to AH
receptors (AHR) located on astrocytes (Zelante et al., 2013;
Rothhammer et al., 2016), from dietary tryptophan. AHs
modulate the activity of astrocytes towards an anti-
inflammatory phenotype (Wikoff et al., 2009; Zelante et al.,
2013), promoting outgrowth and survival of neurons,
synaptogenesis, as well as phagocytosis (Liddelow and Barres,
2017), and contributing to neuroprotection. Reactive astrocytes
infiltrate and envelope Aβ deposits with their processes (Perez-
Nievas and Serrano-Pozo, 2018), exhibit high phagocytic activity
and activate autophagy (Yue and Hoi, 2023). The activation of
astrocytes is no longer exclusively considered a negative
phenomenon, but rather a part of a new concept recognizing
the complex and diverse roles that astrocytes play in
neuropathological disorders (Verkhratsky et al., 2013; Burda
and Sofroniew, 2014). The gut microbiota can modulate and
suppress the inflammatory state of astrocytes, with important
consequences for neuroinflammation (Rothhammer et al., 2018).
As in the CA3 hippocampus of TG-T mice (Lana et al., 2024),
astrocytes acquired a protective phenotype also in Layer 5 of the
cortex, possibly cooperating with reactive microglia in the
scavenging of Aβ plaques, as also found in TgCRND8
(transgenic mice with 2 mutations: APP K670_M671delinsNL
(Swedish), and APP V717F (Indiana), a different mouse model of
AD (Ugolini et al., 2018). Decreased production of SCFAs from
microbiota has been found in neurodegenerative diseases (Unger
et al., 2016), but prebiotics can increase SCFAs production
(Wong et al., 2006). The latter are also in close interaction
with gut cells via AHR activation, alleviating
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neuroinflammation in 5xFAD transgenic mice (Salminen, 2023).
An in-depth characterization of the mechanisms that control
astrocytes and the role of prebiotics and probiotics on their
phenotypic modification is still lacking.

In the cortex of TG mice, the density of microglia increased
mostly in Layer 5, microglia cells were highly activated, and
expressed a CD68- and CX3CR1-positive, ball&chain phagocytic
phenotype. Activated ball&chain microglia were mainly distributed
around plaques, and phagocytosed Aβ. Erny and coworkers (Erny
et al., 2015) demonstrated that the microbiota is crucial for the
maintenance of microglia, ready to respond rapidly to damaging
stimuli such as Aβ accumulation. Signals from the microbiota
delineate microglia phenomic and shape the brain innate
immune system, conditioning the maturation and function of
microglia (Erny et al., 2015), which have a fundamental role in
synaptic circuits and cognitive functions (Kettenmann et al., 2013).
Dysbiosis can cause modifications and dysfunctionality of microglia,
contributing downstream to pathological alterations and
dysfunctions of neurons that may lead to neurodegeneration
(Palop et al., 2007; Krasemann et al., 2017). Sustained activation
of microglia can increase Aβ deposition and phagocytosis of healthy
neurons (Neher et al., 2011; Neher et al., 2012; Sierra et al., 2013;
Brown and Neher, 2014; Vilalta and Brown, 2018), thus intensifying
neurodegeneration (Deleidi et al., 2015). Interestingly, here we
demonstrated that the treatment with pre- and probiotics
prevented the development of the CD68- and CX3CR1-positive,
ball&chain phagocytic phenotype of microglia. Indeed, blocking
phagocytosis may be beneficial to spare neuronal disruption inmany
neurodegenerative conditions (Neher et al., 2011). It had been
previously demonstrated in aged Wistar rats that a mixture of
probiotics supplementation increases the expression of genes
related to neuronal plasticity such as brain derived neurotrophic
factor (BDNF), improves age-dependent deficits in long term
potentiation (LTP), and decreases the expression of markers of
microglia activation such as CD68 and CD11b (Integrin αM)
(Distrutti et al., 2014). Interestingly, immune cells that express
receptors for SCFAs derived from the microbiota can pass
through the BBB and enter the brain where they can have a
protective function (Wang et al., 2018). Microglia reactivity is a
highly regulated, multistaged and reversible process that generates
multiple phenotypes with protective or damaging capacity (Hanisch
and Kettenmann, 2007; Ransohoff and Perry, 2009; Glass et al., 2010;
Kettenmann et al., 2013; Lana et al., 2023). Microglia maintain their
protective role during normal aging (Faulkner et al., 2004; Myer
et al., 2006; Block et al., 2007; Hanisch and Kettenmann, 2007; Li
et al., 2008) but this ability is considerably decreased in
proinflammatory contexts in which microglia play a critical role
in maintaining inflammatory responses (Glass et al., 2010). In low-
grade inflammatory conditions, microglia patrol brain parenchyma
to reduce the spreading of inflammation, preventing further damage
to neighboring neurons (Cerbai et al., 2012; Lana et al., 2016).
Indeed, in an animal model of AD the decrease of phagocytic activity
and clearance capacity of microglia inversely correlate with Aβ
plaque deposition (Krabbe et al., 2013). Microglia located in
different brain areas respond in a different way to the same
insult such as plaque deposition, indicating that the changes of
their phenotypic states are independent from the insult, but respond
to internal, spatial and temporal dependent cues (Zhang and Barres,

2010; Cerbai et al., 2012; Khakh and Sofroniew, 2015; Ben Haim and
Rowitch, 2016; Lana et al., 2016; Liddelow and Barres, 2017; Khakh
and Deneen, 2019; Pestana et al., 2020). Many papers in the
literature are demonstrating that, in response to a damaging
stimulus, microglia can acquire different spatiotemporal
functional phenotypes. The phagocytic activity and clearance
capacity of microglia inversely correlate with Aβ plaque
deposition and aging (Blume et al., 2018). Microglia responses in
AD are influenced by apolipoprotein E (APOE) and Triggering
receptor expressed on myeloid cells 2 (TREM2) (Krasemann et al.,
2017). TREM2 regulates microglia energetic and biosynthetic
metabolism (Ulland et al., 2017), maintaining their high activity
to dispose of excess Aβ. However, the intense TREM2-dependent
microglia activation during time can cause harmful chronic
inflammatory responses (Krasemann et al., 2017). Understanding
the differences of microglia phenomic states, their temporal and
spatial distribution, and reactivity may help explain the differential
susceptibility of different brain areas to the same inflammatory
insult such as plaque deposition and to the attenuating effects of pre-
and probiotic administration (Masgrau et al., 2017; De Felice
et al., 2022).

In a previous paper (Traini et al., 2024) we demonstrated that
the treatment with pre- and probiotics was able to attenuate the
memory deficits in cortically-mediated consolidation of inhibitory
avoidance (Pereira et al., 2001), which provide a clear link between
the phenomic changes in the cerebral cortex and the cognitive
outcomes in this animal model.

Although it is generally accepted that the cortex functions as a
complex and interconnected network of cells, it is unknown whether
specific areas are more vulnerable than others, showing selective
(affecting a single region), preferential (greater in one region than in
another), or general (affecting the entire cortex) degeneration (Salat
et al., 2001). Layer 5 (L5) serves as the main output layer of cortical
structures, where long-range projecting pyramidal neurons
broadcast the columnar output to other cortical and extracortical
regions of the brain. As previously reported (Crouzin et al., 2013; Seo
et al., 2014; Colié et al., 2017; Li N. et al., 2019), here we found that
not only neurons, but also astrocytes and microglia in cortical Layer
5 are the most affected cells in TG mice, evidencing a selective
process that involves plaques deposition, glia reactivity,
neurodegeneration and cortical shrinkage. It is interesting to note
that in response to the symbiotic treatment, microglia and astrocytes
changed their morphological features in a Layer-specific way,
indicating once more that these cells are composed of
heterogeneous populations, which differ in their phenomic
responses to damaging and/or protective stimuli. Indeed, most of
the effects found in both TG and TG-Tmice were distributed mainly
in Layer 5 of the cortex.

It must be pointed out that the symbiotic treatment with pre-
and probiotics attenuated memory deficits in this transgenic mouse
model (Traini et al., 2024). Recent data demonstrate that acting on
dysbiotic microbiota, an important source of Aβ outside the brain,
could be the key to prevent or attenuate Alzheimer’s disease
pathophysiological modifications (Selkoe and Hardy, 2016;
Samaey et al., 2019; Giovannini et al., 2021). These data further
demonstrate that a healthy microbiota can positively influence brain
health, posing the bases for a simple, affordable treatment that may
help prevent AD.

Frontiers in Pharmacology frontiersin.org18

Sarti et al. 10.3389/fphar.2025.1596469

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1596469


Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by the ItalianMinistry of Health
(code: 53/2022) and were carried out in accordance with the
European Communities Council Directive of 2010/63/EU. The
authors further attest that all efforts were made to minimize
the number of animals used and their suffering, as reported in
the Guidelines McGill Module 1. The study was conducted in
accordance with the local legislation and institutional requirements.

Author contributions

GS: Methodology, Investigation, Data curation, Formal
Analysis, Writing – original draft. CT: Writing – review and
editing, Data curation, Formal Analysis, Methodology,
Investigation. GM: Investigation, Writing – review and editing,
Methodology. SA: Methodology, Investigation, Writing – review
and editing, Software. GT: Writing – review and editing,
Methodology, Investigation. EC: Investigation, Writing – review
and editing, Methodology. MG: Conceptualization,
Writing – original draft, Data curation, Formal Analysis. MV:
Conceptualization, Data curation, Supervision, Validation,
Writing – review and editing, Funding acquisition. DL: Data
curation, Investigation, Writing – review and editing,
Supervision, Validation, Formal Analysis, Software.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. Ministero dell’Istruzione,
dell’Università e della Ricerca, grants (giovanniniricaten2024) and
(lanaricaten2024). National Recovery and Resilience Plan,

M4C2 Investment 1.4 (CN00000041 CN3 “National Center for
Gene Therapy and Drugs based on RNA Technology” Spoke #3
CUP: B13C22001010001). Banca d’Italia (VANMBANCAITALIA23).
Ministero dell’Istruzione, dell’Università e della Ricerca
(PRIN2022SC_VANNUCCHI- MUR). DL current position is
supported by #NEXTGENERATIONEU (NGEU) and funded by
the Ministry of University and Research (MUR), National
Recovery and Resilience Plan (NRRP), project MNESYS
(PE0000006) (DR. 1553 11.10.2022). GT current position is
supported by PRIN2022SC_VANNUCCHI- MUR.

Acknowledgments

We thank the Institute of Applied Physics “N. Carrara”,
National Research Council (IFAC-CNR), Italy for use of confocal
laser microscopy equipment.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Ben Haim, L., and Rowitch, D. H. (2016). Functional diversity of astrocytes in neural
circuit regulation. Nat. Rev. Neurosci. 18, 31–41. doi:10.1038/nrn.2016.159

Block, M. L., Zecca, L., and Hong, J. S. (2007). Microglia-mediated neurotoxicity:
Uncovering the molecular mechanisms. Nat. Rev. Neurosci. 8, 57–69. doi:10.1038/nrn2038

Blume, T., Focke, C., Peters, F., Deussing, M., Albert, N. L., Lindner, S., et al. (2018).
Microglial response to increasing amyloid load saturates with aging: a longitudinal dual tracer
in vivo μPET-study. J. Neuroinflammation 15, 307. doi:10.1186/s12974-018-1347-6

Bonfili, L., Cecarini, V., Cuccioloni, M., Angeletti, M., Berardi, S., Scarpona, S., et al.
(2018). SLAB51 probiotic formulation activates SIRT1 pathway promoting Antioxidant
and neuroprotective effects in an AD mouse model. Mol. Neurobiol. 55, 7987–8000.
doi:10.1007/S12035-018-0973-4

Bonfili, L., Cecarini, V., Gogoi, O., Gong, C., Cuccioloni, M., Angeletti, M., et al.
(2021). Microbiota modulation as preventative and therapeutic approach in
Alzheimer’s disease. FEBS J. 288, 2836–2855. doi:10.1111/FEBS.15571

Brandscheid, C., Schuck, F., Reinhardt, S., Schäfer, K. H., Pietrzik, C. U., Grimm, M.,
et al. (2017). Altered gut microbiome composition and tryptic activity of the 5xFAD
Alzheimer’s mouse model. J. Alzheimers Dis. 56, 775–788. doi:10.3233/JAD-160926

Brown, G. C. (2019). The endotoxin hypothesis of neurodegeneration.
J. Neuroinflammation 16, 180. doi:10.1186/s12974-019-1564-7

Brown, G. C., and Neher, J. J. (2014). Microglial phagocytosis of live neurons. Nat.
Rev. Neurosci. 15, 209–216. doi:10.1038/nrn3710

Burda, J. E., and Sofroniew, M. V. (2014). Reactive gliosis and the multicellular
response to CNS damage and disease. Neuron 81, 229–248. doi:10.1016/j.neuron.2013.
12.034

Cani, P. D., Depommier, C., Derrien, M., Everard, A., and de Vos, W. M. (2022).
Akkermansia muciniphila: paradigm for next-generation beneficial
microorganisms. Nat. Rev. Gastroenterol. Hepatol. 19, 625–637. doi:10.1038/
S41575-022-00631-9

Cattaneo, A., Cattane, N., Galluzzi, S., Provasi, S., Lopizzo, N., Festari, C., et al. (2017).
Association of brain amyloidosis with pro-inflammatory gut bacterial taxa and
peripheral inflammation markers in cognitively impaired elderly. Neurobiol. Aging
49, 60–68. doi:10.1016/j.neurobiolaging.2016.08.019

Cerbai, F., Lana, D., Nosi, D., Petkova-Kirova, P., Zecchi, S., Brothers, H. M., et al.
(2012). The neuron-astrocyte-microglia triad in normal brain ageing and in a model of

Frontiers in Pharmacology frontiersin.org19

Sarti et al. 10.3389/fphar.2025.1596469

https://doi.org/10.1038/nrn.2016.159
https://doi.org/10.1038/nrn2038
https://doi.org/10.1186/s12974-018-1347-6
https://doi.org/10.1007/S12035-018-0973-4
https://doi.org/10.1111/FEBS.15571
https://doi.org/10.3233/JAD-160926
https://doi.org/10.1186/s12974-019-1564-7
https://doi.org/10.1038/nrn3710
https://doi.org/10.1016/j.neuron.2013.12.034
https://doi.org/10.1016/j.neuron.2013.12.034
https://doi.org/10.1038/S41575-022-00631-9
https://doi.org/10.1038/S41575-022-00631-9
https://doi.org/10.1016/j.neurobiolaging.2016.08.019
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1596469


neuroinflammation in the rat Hippocampus. PLoS One 7, e45250. doi:10.1371/journal.
pone.0045250

Chen, C., Ma, X., Wei, J., Shakir, N., Zhang, J. K., Zhang, L., et al. (2022). Early
impairment of cortical circuit plasticity and connectivity in the 5XFAD Alzheimer’s
disease mouse model. Transl. Psychiatry 12, 371. doi:10.1038/S41398-022-02132-4

Chen, C., Wei, J., Ma, X., Xia, B., Shakir, N., Zhang, J. K., et al. (2023). Disrupted
maturation of prefrontal layer 5 neuronal circuits in an Alzheimer’s mouse model of
amyloid deposition. Neurosci. Bull. 39, 881–892. doi:10.1007/S12264-022-00951-5

Cheng, R., Xu, W., Wang, J., Tang, Z., and Zhang, M. (2021). The outer membrane
protein Amuc_1100 of Akkermansia muciniphila alleviates the depression-like behavior
of depressed mice induced by chronic stress. Biochem. Biophys. Res. Commun. 566,
170–176. doi:10.1016/J.BBRC.2021.06.018

Colié, S., Sarroca, S., Palenzuela, R., Garcia, I., Matheu, A., Corpas, R., et al.
(2017). Neuronal p38α mediates synaptic and cognitive dysfunction in an
Alzheimer’s mouse model by controlling β-amyloid production. Sci. Rep. 7,
45306. doi:10.1038/SREP45306

Crouzin, N., Baranger, K., Cavalier, M., Marchalant, Y., Cohen-Solal, C., Roman, F. S.,
et al. (2013). Area-specific alterations of synaptic plasticity in the 5XFAD mouse model
of Alzheimer’s disease: dissociation between somatosensory cortex and hippocampus.
PLoS One 8, e74667. doi:10.1371/JOURNAL.PONE.0074667

De Felice, E., Gonçalves de Andrade, E., Golia, M. T., González Ibáñez, F., Khakpour,
M., Di Castro, M. A., et al. (2022). Microglial diversity along the hippocampal
longitudinal axis impacts synaptic plasticity in adult male mice under homeostatic
conditions. J. Neuroinflammation 19, 292. doi:10.1186/S12974-022-02655-Z

de Kivit, S., Tobin, M. C., Forsyth, C. B., Keshavarzian, A., and Landay, A. L. (2014).
Regulation of intestinal immune responses through TLR activation: Implications for
pro- and prebiotics. Front. Immunol. 5, 60. doi:10.3389/fimmu.2014.00060

Deleidi, M., Jäggle, M., and Rubino, G. (2015). Immune aging, dysmetabolism, and
inflammation in neurological diseases. Front. Neurosci. 9, 172. doi:10.3389/fnins.2015.
00172

Distrutti, E., O’Reilly, J. A., McDonald, C., Cipriani, S., Renga, B., Lynch, M. A., et al.
(2014). Modulation of intestinal microbiota by the probiotic VSL#3 resets brain gene
expression and ameliorates the age-related deficit in LTP. PLoS One 9, e106503. doi:10.
1371/JOURNAL.PONE.0106503

Erny, D., De Angelis, A. L. H., Jaitin, D., Wieghofer, P., Staszewski, O., David, E., et al.
(2015). Host microbiota constantly control maturation and function of microglia in the
CNS. Nat. Neurosci. 18, 965–977. doi:10.1038/nn.4030

Faulkner, J. R., Herrmann, J. E., Woo, M. J., Tansey, K. E., Doan, N. B., and Sofroniew,
M. V. (2004). Reactive astrocytes protect Tissue and Preserve function after spinal Cord
injury. J. Neurosci. 24, 2143–2155. doi:10.1523/JNEUROSCI.3547-03.2004

Friedland, R. P., and Chapman, M. R. (2017). The role of microbial amyloid in
neurodegeneration. PLoS Pathog. 13, e1006654. doi:10.1371/journal.ppat.1006654

Galloway, S., Takechi, R., Nesbit, M., Pallebage-Gamarallage, M. M., Lam, V., and
Mamo, J. C. L. (2019). The differential effects of fatty acids on enterocytic abundance of
amyloid-beta. Lipids Health Dis. 18, 209. doi:10.1186/s12944-019-1162-9

Gerace, E., Cialdai, F., Sereni, E., Lana, D., Nosi, D., Giovannini, M. G., et al. (2021).
NIR laser Photobiomodulation induces neuroprotection in an in vitromodel of cerebral
Hypoxia/ischemia. Mol. Neurobiol. 58, 5383–5395. doi:10.1007/S12035-021-02496-6

Giovannini, M. G., Lana, D., Traini, C., and Vannucchi, M. G. (2021). The
microbiota-gut-brain Axis and Alzheimer disease. From dysbiosis to
neurodegeneration: Focus on the central nervous system glial cells. J. Clin. Med. 10,
2358. doi:10.3390/JCM10112358

Giovannini, M. G., Scali, C., Prosperi, C., Bellucci, A., Vannucchi, M. G., Rosi, S., et al.
(2002). Beta-amyloid-induced inflammation and cholinergic hypofunction in the rat
brain in vivo: involvement of the p38MAPK pathway. Neurobiol. Dis. 11, 257–274.
doi:10.1006/nbdi.2002.0538

Glass, C. K., Saijo, K., Winner, B., Marchetto, M. C., and Gage, F. H. (2010).
Mechanisms underlying inflammation in neurodegeneration. Cell 140, 918–934.
doi:10.1016/j.cell.2010.02.016

Glenner, G. G., and Wong, C. W. (1984). Alzheimer’s disease: Initial report of the
purification and characterization of a novel cerebrovascular amyloid protein. Biochem.
Biophys. Res. Commun. 120, 885–890. doi:10.1016/S0006-291X(84)80190-4

Green, G. S., Fujita, M., Yang, H. S., Taga, M., Cain, A., McCabe, C., et al. (2024).
Cellular communities reveal trajectories of brain ageing and Alzheimer’s disease.Nature
633, 634–645. doi:10.1038/S41586-024-07871-6

Gui, Q. F., Lu, H. F., Zhang, C. X., Xu, Z. R., and Yang, Y. M. (2015). Well-balanced
commensal microbiota contributes to anti-cancer response in a lung cancer mouse
model. Genet. Mol. Res. 14, 5642–5651. doi:10.4238/2015.MAY.25.16

Gupta, N., El-Gawaad, N. S. A., Mallasiy, L. O., Gupta, H., Yadav, V. K., Alghamdi, S.,
et al. (2024). Microbial dysbiosis and the aging process: a review on the potential age-
deceleration role of Lactiplantibacillus plantarum. Front. Microbiol. 15, 1260793. doi:10.
3389/FMICB.2024.1260793

Hanisch, U. K., and Kettenmann, H. (2007). Microglia: Active sensor and versatile
effector cells in the normal and pathologic brain. Nat. Neurosci. 10, 1387–1394. doi:10.
1038/nn1997

Harach, T., Marungruang, N., Duthilleul, N., Cheatham, V., Mc Coy, K. D., Frisoni,
G., et al. (2017). Reduction of Abeta amyloid pathology in APPPS1 transgenic mice in
the absence of gut microbiota. Sci. Rep. 7, 41802. doi:10.1038/srep41802

Hayden, E. Y., and Teplow, D. B. (2013). Amyloid $β$-protein oligomers and
Alzheimer’s disease. Alzheimers Res. Ther. 5, 1. doi:10.1186/alzrt226

Honarpisheh, P., Reynolds, C. R., Conesa, M. P. B., Manchon, J. F. M., Putluri, N.,
Bhattacharjee, M. B., et al. (2020). Dysregulated gut homeostasis observed prior to the
accumulation of the brain amyloid-β in Tg2576 mice. Int. J. Mol. Sci. 21, 1711. doi:10.
3390/IJMS21051711

Iadecola, C., Zhang, F., Niwa, K., Eckman, C., Turner, S. K., Fischer, E., et al. (1999).
SOD1 rescues cerebral endothelial dysfunction in mice overexpressing amyloid
precursor protein. Nat. Neurosci. 2, 157–161. doi:10.1038/5715

Jawhar, S., Trawicka, A., Jenneckens, C., Bayer, T. A., and Wirths, O. (2012). Motor
deficits, neuron loss, and reduced anxiety coinciding with axonal degeneration and
intraneuronal Aβ aggregation in the 5XFAD mouse model of Alzheimer’s disease.
Neurobiol. Aging 33, 196.e29–196.e40. doi:10.1016/J.NEUROBIOLAGING.2010.05.027

Jin, J., Xu, Z., Zhang, L., Zhang, C., Zhao, X., Mao, Y., et al. (2023). Gut-derived β-
amyloid: likely a centerpiece of the gut-brain axis contributing to Alzheimer’s
pathogenesis. Gut Microbes 15, 2167172. doi:10.1080/19490976.2023.2167172

Josephs, K. A., Dickson, D. W., Murray, M. E., Senjem, M. L., Parisi, J. E., Petersen, R.
C., et al. (2013). Quantitative neurofibrillary tangle density and brain volumetric MRI
analyses in Alzheimer’s disease presenting as logopenic progressive aphasia. Brain Lang.
127, 127–134. doi:10.1016/J.BANDL.2013.02.003

Jucker, M., and Walker, L. C. (2018). Propagation and spread of pathogenic protein
assemblies in neurodegenerative diseases. Nat. Neurosci. 21, 1341–1349. doi:10.1038/
s41593-018-0238-6

Kesika, P., Suganthy, N., Sivamaruthi, B. S., and Chaiyasut, C. (2021). Role of gut-
brain axis, gut microbial composition, and probiotic intervention in Alzheimer’s
disease. Life Sci. 264, 118627. doi:10.1016/j.lfs.2020.118627

Kettenmann, H., Kirchhoff, F., and Verkhratsky, A. (2013). Microglia: new roles for
the synaptic Stripper. Neuron 77, 10–18. doi:10.1016/j.neuron.2012.12.023

Khakh, B. S., and Deneen, B. (2019). The emerging nature of astrocyte diversity.
Annu. Rev. Neurosci. 42, 187–207. doi:10.1146/annurev-neuro-070918-050443

Khakh, B. S., and Sofroniew, M. V. (2015). Diversity of astrocyte functions and
phenotypes in neural circuits. Nat. Neurosci. 18, 942–952. doi:10.1038/nn.4043

Kim, K. K., Adelstein, R. S., and Kawamoto, S. (2009). Identification of neuronal
nuclei (NeuN) as Fox-3, a new member of the Fox-1 gene family of splicing factors.
J. Biol. Chem. 284, 31052–31061. doi:10.1074/JBC.M109.052969

Kowalski, K., and Mulak, A. (2019). Brain-gut-microbiota axis in Alzheimer’s disease.
J. Neurogastroenterol. Motil. 25, 48–60. doi:10.5056/jnm18087

Koyama, A., Okereke, O. I., Yang, T., Blacker, D., Selkoe, D. J., and Grodstein, F.
(2012). Plasma amyloid-β as a predictor of dementia and cognitive decline: a systematic
review and meta-analysis. Arch. Neurol. 69, 824–831. doi:10.1001/ARCHNEUROL.
2011.1841

Krabbe, G., Halle, A., Matyash, V., Rinnenthal, J. L., Eom, G. D., Bernhardt, U., et al.
(2013). Functional impairment of microglia Coincides with beta-amyloid deposition in
mice with Alzheimer-like pathology. PLoS One 8, e60921. doi:10.1371/journal.pone.
0060921

Krasemann, S., Madore, C., Cialic, R., Baufeld, C., Calcagno, N., El Fatimy, R., et al.
(2017). The TREM2-APOE pathway drives the Transcriptional phenotype of
dysfunctional microglia in neurodegenerative diseases. Immunity 47, 566–581.e9.
doi:10.1016/j.immuni.2017.08.008

Lacosta, A. M., Insua, D., Badi, H., Pesini, P., and Sarasa, M. (2017). Neurofibrillary
tangles of Aβx-40 in Alzheimer’s disease brains. J. Alzheimers Dis. 58, 661–667. doi:10.
3233/JAD-170163

Lana, D., Iovino, L., Nosi, D., Wenk, G. L., and Giovannini, M. G. (2016). The neuron-
astrocyte-microglia triad involvement in neuroinflammaging mechanisms in the
CA3 hippocampus of memory-impaired aged rats. Exp. Gerontol. 83, 71–88. doi:10.
1016/j.exger.2016.07.011

Lana, D., Magni, G., Landucci, E., Wenk, G. L., Pellegrini-Giampietro, D. E., and
Giovannini, M. G. (2023). Phenomic microglia diversity as a Druggable target in the
Hippocampus in neurodegenerative diseases. Int. J. Mol. Sci. 24, 13668. doi:10.3390/
IJMS241813668

Lana, D., Melani, A., Pugliese, A.M., Cipriani, S., Nosi, D., Pedata, F., et al. (2014). The
neuron-astrocyte-microglia triad in a rat model of chronic cerebral hypoperfusion:
protective effect of dipyridamole. Front. Aging Neurosci. 6, 322. doi:10.3389/fnagi.2014.
00322

Lana, D., Traini, C., Bulli, I., Sarti, G., Magni, G., Attorre, S., et al. (2024). Chronic
administration of prebiotics and probiotics ameliorates pathophysiological hallmarks of
Alzheimer’s disease in a APP/PS1 transgenic mouse model. Front. Pharmacol. 15,
1451114. doi:10.3389/FPHAR.2024.1451114

Landucci, E., Mazzantini, C., Lana, D., Giovannini, M. G., and Pellegrini-Giampietro,
D. E. (2022). Neuronal and astrocytic morphological alterations driven by prolonged
Exposure with Δ9-Tetrahydrocannabinol but not Cannabidiol. Toxics 10, 48. doi:10.
3390/TOXICS10020048

Frontiers in Pharmacology frontiersin.org20

Sarti et al. 10.3389/fphar.2025.1596469

https://doi.org/10.1371/journal.pone.0045250
https://doi.org/10.1371/journal.pone.0045250
https://doi.org/10.1038/S41398-022-02132-4
https://doi.org/10.1007/S12264-022-00951-5
https://doi.org/10.1016/J.BBRC.2021.06.018
https://doi.org/10.1038/SREP45306
https://doi.org/10.1371/JOURNAL.PONE.0074667
https://doi.org/10.1186/S12974-022-02655-Z
https://doi.org/10.3389/fimmu.2014.00060
https://doi.org/10.3389/fnins.2015.00172
https://doi.org/10.3389/fnins.2015.00172
https://doi.org/10.1371/JOURNAL.PONE.0106503
https://doi.org/10.1371/JOURNAL.PONE.0106503
https://doi.org/10.1038/nn.4030
https://doi.org/10.1523/JNEUROSCI.3547-03.2004
https://doi.org/10.1371/journal.ppat.1006654
https://doi.org/10.1186/s12944-019-1162-9
https://doi.org/10.1007/S12035-021-02496-6
https://doi.org/10.3390/JCM10112358
https://doi.org/10.1006/nbdi.2002.0538
https://doi.org/10.1016/j.cell.2010.02.016
https://doi.org/10.1016/S0006-291X(84)80190-4
https://doi.org/10.1038/S41586-024-07871-6
https://doi.org/10.4238/2015.MAY.25.16
https://doi.org/10.3389/FMICB.2024.1260793
https://doi.org/10.3389/FMICB.2024.1260793
https://doi.org/10.1038/nn1997
https://doi.org/10.1038/nn1997
https://doi.org/10.1038/srep41802
https://doi.org/10.1186/alzrt226
https://doi.org/10.3390/IJMS21051711
https://doi.org/10.3390/IJMS21051711
https://doi.org/10.1038/5715
https://doi.org/10.1016/J.NEUROBIOLAGING.2010.05.027
https://doi.org/10.1080/19490976.2023.2167172
https://doi.org/10.1016/J.BANDL.2013.02.003
https://doi.org/10.1038/s41593-018-0238-6
https://doi.org/10.1038/s41593-018-0238-6
https://doi.org/10.1016/j.lfs.2020.118627
https://doi.org/10.1016/j.neuron.2012.12.023
https://doi.org/10.1146/annurev-neuro-070918-050443
https://doi.org/10.1038/nn.4043
https://doi.org/10.1074/JBC.M109.052969
https://doi.org/10.5056/jnm18087
https://doi.org/10.1001/ARCHNEUROL.2011.1841
https://doi.org/10.1001/ARCHNEUROL.2011.1841
https://doi.org/10.1371/journal.pone.0060921
https://doi.org/10.1371/journal.pone.0060921
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.3233/JAD-170163
https://doi.org/10.3233/JAD-170163
https://doi.org/10.1016/j.exger.2016.07.011
https://doi.org/10.1016/j.exger.2016.07.011
https://doi.org/10.3390/IJMS241813668
https://doi.org/10.3390/IJMS241813668
https://doi.org/10.3389/fnagi.2014.00322
https://doi.org/10.3389/fnagi.2014.00322
https://doi.org/10.3389/FPHAR.2024.1451114
https://doi.org/10.3390/TOXICS10020048
https://doi.org/10.3390/TOXICS10020048
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1596469


Lewczuk, P., Riederer, P., O’Bryant, S. E., Verbeek, M. M., Dubois, B., Visser, P. J.,
et al. (2018). Cerebrospinal fluid and blood biomarkers for neurodegenerative
dementias: an update of the Consensus of the task Force on Biological markers in
Psychiatry of the World Federation of Societies of Biological Psychiatry. World J. Biol.
Psychiatry 19, 244–328. doi:10.1080/15622975.2017.1375556

Li, K., Li, J., Zheng, J., and Qin, S. (2019a). Reactive astrocytes in neurodegenerative
diseases. Aging Dis. 10, 664–675. doi:10.14336/ad.2018.0720

Li, L., Lundkvist, A., Andersson, D., Wilhelmsson, U., Nagai, N., Pardo, A. C., et al.
(2008). Protective role of reactive astrocytes in brain ischemia. J. Cereb. Blood Flow
Metabolism 28, 468–481. doi:10.1038/sj.jcbfm.9600546

Li, N., Li, Y., Li, L. J., Zhu, K., Zheng, Y., andWang, X.M. (2019b). Glutamate receptor
delocalization in postsynaptic membrane and reduced hippocampal synaptic plasticity
in the early stage of Alzheimer’s disease. Neural Regen. Res. 14, 1037–1045. doi:10.4103/
1673-5374.250625

Liddelow, S. A., and Barres, B. A. (2017). Reactive astrocytes: production, function,
and therapeutic potential. Immunity 46, 957–967. doi:10.1016/j.immuni.2017.06.006

Liu, S., Gao, J., Zhu, M., Liu, K., and Zhang, H. L. (2020). Gut microbiota and dysbiosis
in Alzheimer’s disease: Implications for pathogenesis and treatment.Mol. Neurobiol. 57,
5026–5043. doi:10.1007/S12035-020-02073-3

Mancuso, C., and Santangelo, R. (2018). Alzheimer’s disease and gut microbiota
modifications: the long way between preclinical studies and clinical evidence.
Pharmacol. Res. 129, 329–336. doi:10.1016/J.PHRS.2017.12.009

Mao, B., Li, D., Zhao, J., Liu, X., Gu, Z., Chen, Y. Q., et al. (2015). Metagenomic
insights into the effects of fructo-oligosaccharides (FOS) on the composition of fecal
microbiota in mice. J. Agric. Food Chem. 63, 856–863. doi:10.1021/jf505156h

Masgrau, R., Guaza, C., Ransohoff, R. M., and Galea, E. (2017). Should We Stop
Saying ‘glia’ and ‘neuroinflammation. Trends Mol. Med. 23, 486–500. doi:10.1016/j.
molmed.2017.04.005

Maxeiner, S., Glassmann, A., Kao, H. T., and Schilling, K. (2014). The molecular basis
of the specificity and cross-reactivity of the NeuN epitope of the neuron-specific splicing
regulator, Rbfox3. Histochem Cell Biol. 141, 43–55. doi:10.1007/S00418-013-1159-9

Mayer, E. A., and Tillisch, K. (2011). The brain-gut Axis in abdominal pain
syndromes. Annu. Rev. Med. 62, 381–396. doi:10.1146/annurev-med-012309-103958

Moloney, C.M., Lowe, V. J., andMurray, M. E. (2021). Visualization of neurofibrillary
tangle maturity in Alzheimer’s disease: a clinicopathologic perspective for biomarker
research. Alzheimers Dement. 17, 1554–1574. doi:10.1002/ALZ.12321

Myer, D. J., Gurkoff, G. G., Lee, S. M., Hovda, D. A., and Sofroniew, M. V. (2006).
Essential protective roles of reactive astrocytes in traumatic brain injury. Brain 129,
2761–2772. doi:10.1093/brain/awl165

Nakamura, A., Kaneko, N., Villemagne, V. L., Kato, T., Doecke, J., Doré, V., et al.
(2018). High performance plasma amyloid-β biomarkers for Alzheimer’s disease.
Nature 554, 249–254. doi:10.1038/NATURE25456

Neher, J. J., Neniskyte, U., and Brown, G. C. (2012). Primary phagocytosis of neurons
by inflamed microglia: potential roles in neurodegeneration. Front. Pharmacol. 3 (FEB),
27. doi:10.3389/fphar.2012.00027

Neher, J. J., Neniskyte, U., Zhao, J.-W., Bal-Price, A., Tolkovsky, A. M., and Brown, G.
C. (2011). Inhibition of microglial phagocytosis is Sufficient to prevent inflammatory
neuronal death. J. Immunol. 186, 4973–4983. doi:10.4049/jimmunol.1003600

Ou, Z., Deng, L., Lu, Z., Wu, F., Liu, W., Huang, D., et al. (2020). Protective effects of
Akkermansia muciniphila on cognitive deficits and amyloid pathology in a mouse
model of Alzheimer’s disease. Nutr. Diabetes 10, 12. doi:10.1038/S41387-020-0115-8

Pallebage-Gamarallage, M. M., Galloway, S., Takechi, R., Dhaliwal, S., and Mamo,
J. C. L. (2012). Probucol suppresses enterocytic accumulation of amyloid-β induced by
saturated fat and cholesterol feeding. Lipids 47, 27–34. doi:10.1007/s11745-011-3595-4

Palop, J. J., Chin, J., Roberson, E. D., Wang, J., Thwin, M. T., Bien-Ly, N., et al. (2007).
Aberrant excitatory neuronal activity and Compensatory Remodeling of inhibitory
hippocampal circuits in mouse models of Alzheimer’s disease. Neuron 55, 697–711.
doi:10.1016/j.neuron.2007.07.025

Pantano, D., Luccarini, I., Nardiello, P., Servili, M., Stefani, M., and Casamenti, F.
(2017). Oleuropein aglycone and polyphenols from olive mill waste water ameliorate
cognitive deficits and neuropathology. Br. J. Clin. Pharmacol. 83, 54–62. doi:10.1111/
BCP.12993

Pereira, P., Ardenghi, P., Mello E Souza, T., Medina, J. H., and Izquierdo, I. (2001).
Training in the step-down inhibitory avoidance task time-dependently increases cAMP-
dependent protein kinase activity in the entorhinal cortex. Behav. Pharmacol. 12,
217–220. doi:10.1097/00008877-200105000-00007

Perez-Nievas, B. G., and Serrano-Pozo, A. (2018). Deciphering the astrocyte reaction
in Alzheimer’s disease. Front. Aging Neurosci. 10, 114. doi:10.3389/fnagi.2018.00114

Pestana, F., Edwards-Faret, G., Belgard, T. G., Martirosyan, A., and Holt, M. G.
(2020). No longer underappreciated: the emerging concept of astrocyte heterogeneity in
neuroscience. Brain Sci. 10, 168. doi:10.3390/brainsci10030168

Pistollato, F., Cano, S. S., Elio, I., Vergara, M. M., Giampieri, F., and Battino, M.
(2016). Role of gut microbiota and nutrients in amyloid formation and pathogenesis of
Alzheimer disease. Nutr. Rev. 74, 624–634. doi:10.1093/nutrit/nuw023

Probst, A., Basler, V., Bron, B., and Ulrich, J. (1983). Neuritic plaques in senile
dementia of Alzheimer type: a Golgi analysis in the hippocampal region. Brain Res. 268,
249–254. doi:10.1016/0006-8993(83)90490-0

Qian, X. H., Song, X. X., Liu, L. X., Chen, S. D., and Tang, H. D. (2021). Inflammatory
pathways in Alzheimer’s disease mediated by gut microbiota. Ageing Res. Rev. 68,
101317. doi:10.1016/J.ARR.2021.101317

Radde, R., Bolmont, T., Kaeser, S. A., Coomaraswamy, J., Lindau, D., Stoltze, L., et al.
(2006). Abeta42-driven cerebral amyloidosis in transgenic mice reveals early and robust
pathology. EMBO Rep. 7, 940–946. doi:10.1038/sj.embor.7400784

Ransohoff, R. M., and Perry, V. H. (2009). Microglial Physiology: Unique stimuli,
Specialized responses. Annu. Rev. Immunol. 27, 119–145. doi:10.1146/annurev.
immunol.021908.132528

Rocchi, A., Orsucci, D., Tognoni, G., Ceravolo, R., and Siciliano, G. (2009). The role of
vascular factors in late-onset sporadic Alzheimer’s disease. Genetic and molecular
aspects. Curr. Alzheimer Res. 6, 224–237. doi:10.2174/156720509788486644

Rothhammer, V., Borucki, D. M., Tjon, E. C., Takenaka, M. C., Chao, C. C., Ardura-
Fabregat, A., et al. (2018). Microglial control of astrocytes in response to microbial
metabolites. Nature 557, 724–728. doi:10.1038/s41586-018-0119-x

Rothhammer, V., Mascanfroni, I. D., Bunse, L., Takenaka, M. C., Kenison, J. E., Mayo,
L., et al. (2016). Type i interferons and microbial metabolites of tryptophan modulate
astrocyte activity and central nervous system inflammation via the aryl hydrocarbon
receptor. Nat. Med. 22, 586–597. doi:10.1038/nm.4106

Rupp, N. J., Wegenast-Braun, B. M., Radde, R., Calhoun, M. E., and Jucker, M. (2011).
Early onset amyloid lesions lead to severe neuritic abnormalities and local, but not
global neuron loss in APPPS1 transgenic mice. Neurobiol. Aging 32,
2324.e1–2324.e23246. doi:10.1016/J.NEUROBIOLAGING.2010.08.014

Salat, D. H., Kaye, J. A., and Janowsky, J. S. (2001). Selective preservation and
degeneration within the prefrontal cortex in aging and Alzheimer disease. Arch. Neurol.
58, 1403–1408. doi:10.1001/ARCHNEUR.58.9.1403

Salminen, A. (2023). Activation of aryl hydrocarbon receptor (AhR) in Alzheimer’s
disease: role of tryptophan metabolites generated by gut host-microbiota. J. Mol. Med.
Berl. 101, 201–222. doi:10.1007/S00109-023-02289-5

Samaey, C., Schreurs, A., Stroobants, S., and Balschun, D. (2019). Early cognitive and
behavioral deficits in mouse models for Tauopathy and Alzheimer’s disease. Front.
Aging Neurosci. 11, 335. doi:10.3389/FNAGI.2019.00335

Sarkar, S., and Biswas, S. C. (2021). Astrocyte subtype-specific approach to Alzheimer’s
disease treatment. Neurochem. Int. 145, 104956. doi:10.1016/j.neuint.2021.104956

Sarlus, H., and Heneka, M. T. (2017). Microglia in Alzheimer’s disease. J. Clin. Invest
127, 3240–3249. doi:10.1172/JCI90606

Schiweck, J., Eickholt, B. J., andMurk, K. (2018). Important shapeshifter: mechanisms
allowing astrocytes to respond to the changing nervous system during development,
injury and disease. Front. Cell Neurosci. 12, 261. doi:10.3389/fncel.2018.00261

Selkoe, D. J., and Hardy, J. (2016). The amyloid hypothesis of Alzheimer’s disease at
25 years. EMBO Mol. Med. 8, 595–608. doi:10.15252/EMMM.201606210

Semar, S., Klotz, M., Letiembre, M., Van Ginneken, C., Braun, A., Jost, V., et al. (2013).
Changes of the enteric nervous system in amyloid-β protein precursor transgenic mice
correlate with disease progression. J. Alzheimer’s Dis. 36, 7–20. doi:10.3233/JAD-120511

Seo, J., Giusti-Rodríguez, P., Zhou, Y., Rudenko, A., Cho, S., Ota, K. T., et al. (2014).
Activity-dependent p25 generation regulates synaptic plasticity and Aβ-induced
cognitive impairment. Cell 157, 486–498. doi:10.1016/J.CELL.2014.01.065

Serrano-Pozo, A., Qian, J., Monsell, S. E., Blacker, D., Gómez-Isla, T., Betensky, R. A.,
et al. (2014). Mild to moderate Alzheimer dementia with insufficient neuropathological
changes. Ann. Neurol. 75, 597–601. doi:10.1002/ana.24125

Sharon, G., Sampson, T. R., Geschwind, D. H., and Mazmanian, S. K. (2016). The
central nervous system and the gut microbiome. Cell 167, 915–932. doi:10.1016/j.cell.
2016.10.027

Shen, L., Liu, L., and Ji, H. F. (2017). Alzheimer’s disease histological and behavioral
manifestations in transgenic mice correlate with specific gut microbiome state.
J. Alzheimer’s Dis. 56, 385–390. doi:10.3233/JAD-160884

Sierra, A., Abiega, O., Shahraz, A., and Neumann, H. (2013). Janus-faced microglia:
beneficial and detrimental consequences of microglial phagocytosis. Front. Cell
Neurosci. 7, 6. doi:10.3389/fncel.2013.00006

Sierra, A., Encinas, J. M., Deudero, J. J. P., Chancey, J. H., Enikolopov, G., Overstreet-
Wadiche, L. S., et al. (2010). Microglia shape adult hippocampal neurogenesis through
apoptosis-coupled phagocytosis. Cell Stem Cell 7, 483–495. doi:10.1016/J.STEM.2010.
08.014

Stalder, M., Phinney, A., Probst, A., Sommer, B., Staufenbiel, M., and Jucker, M.
(1999). Association of microglia with amyloid plaques in brains of APP23 transgenic
mice. Am. J. Pathology 154, 1673–1684. doi:10.1016/S0002-9440(10)65423-5

Strandwitz, P. (2018). Neurotransmitter modulation by the gut microbiota. Brain Res.
1693, 128–133. doi:10.1016/j.brainres.2018.03.015

Sun, M., Ma, K., Wen, J., Wang, G., Zhang, C., Li, Q., et al. (2020). A review of the
brain-gut-microbiome Axis and the potential role of microbiota in Alzheimer’s disease.
J. Alzheimers Dis. 73, 849–865. doi:10.3233/JAD-190872

Frontiers in Pharmacology frontiersin.org21

Sarti et al. 10.3389/fphar.2025.1596469

https://doi.org/10.1080/15622975.2017.1375556
https://doi.org/10.14336/ad.2018.0720
https://doi.org/10.1038/sj.jcbfm.9600546
https://doi.org/10.4103/1673-5374.250625
https://doi.org/10.4103/1673-5374.250625
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.1007/S12035-020-02073-3
https://doi.org/10.1016/J.PHRS.2017.12.009
https://doi.org/10.1021/jf505156h
https://doi.org/10.1016/j.molmed.2017.04.005
https://doi.org/10.1016/j.molmed.2017.04.005
https://doi.org/10.1007/S00418-013-1159-9
https://doi.org/10.1146/annurev-med-012309-103958
https://doi.org/10.1002/ALZ.12321
https://doi.org/10.1093/brain/awl165
https://doi.org/10.1038/NATURE25456
https://doi.org/10.3389/fphar.2012.00027
https://doi.org/10.4049/jimmunol.1003600
https://doi.org/10.1038/S41387-020-0115-8
https://doi.org/10.1007/s11745-011-3595-4
https://doi.org/10.1016/j.neuron.2007.07.025
https://doi.org/10.1111/BCP.12993
https://doi.org/10.1111/BCP.12993
https://doi.org/10.1097/00008877-200105000-00007
https://doi.org/10.3389/fnagi.2018.00114
https://doi.org/10.3390/brainsci10030168
https://doi.org/10.1093/nutrit/nuw023
https://doi.org/10.1016/0006-8993(83)90490-0
https://doi.org/10.1016/J.ARR.2021.101317
https://doi.org/10.1038/sj.embor.7400784
https://doi.org/10.1146/annurev.immunol.021908.132528
https://doi.org/10.1146/annurev.immunol.021908.132528
https://doi.org/10.2174/156720509788486644
https://doi.org/10.1038/s41586-018-0119-x
https://doi.org/10.1038/nm.4106
https://doi.org/10.1016/J.NEUROBIOLAGING.2010.08.014
https://doi.org/10.1001/ARCHNEUR.58.9.1403
https://doi.org/10.1007/S00109-023-02289-5
https://doi.org/10.3389/FNAGI.2019.00335
https://doi.org/10.1016/j.neuint.2021.104956
https://doi.org/10.1172/JCI90606
https://doi.org/10.3389/fncel.2018.00261
https://doi.org/10.15252/EMMM.201606210
https://doi.org/10.3233/JAD-120511
https://doi.org/10.1016/J.CELL.2014.01.065
https://doi.org/10.1002/ana.24125
https://doi.org/10.1016/j.cell.2016.10.027
https://doi.org/10.1016/j.cell.2016.10.027
https://doi.org/10.3233/JAD-160884
https://doi.org/10.3389/fncel.2013.00006
https://doi.org/10.1016/J.STEM.2010.08.014
https://doi.org/10.1016/J.STEM.2010.08.014
https://doi.org/10.1016/S0002-9440(10)65423-5
https://doi.org/10.1016/j.brainres.2018.03.015
https://doi.org/10.3233/JAD-190872
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1596469


Traini, C., Bulli, I., Sarti, G., Morecchiato, F., Coppi, M., Rossolini, G. M., et al. (2024).
Amelioration of Serum Aβ levels and cognitive impairment in APPPS1 transgenic mice
following symbiotic administration. Nutrients 16, 2381. doi:10.3390/NU16152381

Ugolini, F., Lana, D., Nardiello, P., Nosi, D., Pantano, D., Casamenti, F., et al. (2018).
Different patterns of neurodegeneration and glia activation in CA1 and
CA3 hippocampal regions of TgCRND8 mice. Front. Aging Neurosci. 10, 372.
doi:10.3389/fnagi.2018.00372

Ulland, T. K., Song, W. M., Huang, S. C. C., Ulrich, J. D., Sergushichev, A., Beatty, W.
L., et al. (2017). TREM2 maintains microglial metabolic Fitness in Alzheimer’s disease.
Cell 170, 649–663.e13. doi:10.1016/j.cell.2017.07.023

Unger, M. S., Marschallinger, J., Kaindl, J., Höfling, C., Rossner, S., Heneka, M. T.,
et al. (2016). Early changes in hippocampal neurogenesis in transgenic mouse models
for Alzheimer’s disease.Mol. Neurobiol. 53, 5796–5806. doi:10.1007/s12035-016-0018-9

Verdenelli, M. C., Ghelfi, F., Silvi, S., Orpianesi, C., Cecchini, C., and Cresci, A. (2009).
Probiotic properties of Lactobacillus rhamnosus and Lactobacillus paracasei isolated
from human faeces. Eur. J. Nutr. 48, 355–363. doi:10.1007/S00394-009-0021-2

Verkhratsky, A., Rodríguez, J. J., and Parpura, V. (2013). Astroglia in neurological
diseases. Future Neurol. 8, 149–158. doi:10.2217/fnl.12.90

Vilalta, A., and Brown, G. C. (2018). Neurophagy, the phagocytosis of live neurons
and synapses by glia, contributes to brain development and disease. FEBS J. 285,
3566–3575. doi:10.1111/febs.14323

Vogt, N. M., Kerby, R. L., Dill-McFarland, K. A., Harding, S. J., Merluzzi, A. P.,
Johnson, S. C., et al. (2017). Gut microbiome alterations in Alzheimer’s disease. Sci. Rep.
7, 13537. doi:10.1038/S41598-017-13601-Y

Wang, Y., Wang, Z., Wang, Y., Li, F., Jia, J., Song, X., et al. (2018). The gut-microglia
connection: Implications for central nervous system diseases. Front. Immunol. 9, 2325.
doi:10.3389/fimmu.2018.02325

Wikoff, W. R., Anfora, A. T., Liu, J., Schultz, P. G., Lesley, S. A., Peters, E. C., et al. (2009).
Metabolomics analysis reveals large effects of gut microflora on mammalian blood
metabolites. Proc. Natl. Acad. Sci. U. S. A. 106, 3698–3703. doi:10.1073/pnas.0812874106

Willyard, C. (2021). How gut microbes could drive brain disorders. Nature 590,
22–25. doi:10.1038/D41586-021-00260-3

Wong, J. M. W., De Souza, R., Kendall, C. W. C., Emam, A., and Jenkins, D. J. A.
(2006). Colonic health: Fermentation and short chain fatty acids. J. Clin.
Gastroenterology 40, 235–243. doi:10.1097/00004836-200603000-00015

Wu, Y., Niu, X., Li, P., Tong, T., Wang, Q., Zhang, M., et al. (2023). Lactobacillaceae
improve cognitive dysfunction via regulating gut microbiota and suppressing Aβ
deposits and neuroinflammation in APP/PS1 mice. Arch. Microbiol. 205, 118.
doi:10.1007/S00203-023-03466-3

Yang, Z., andWang, K. K. W. (2015). Glial fibrillary acidic protein: from intermediate
filament assembly and gliosis to neurobiomarker. Trends Neurosci. 38, 364–374. doi:10.
1016/J.TINS.2015.04.003

Yue, Q., and Hoi, M. P. M. (2023). Emerging roles of astrocytes in blood-brain barrier
disruption upon amyloid-beta insults in Alzheimer’s disease. Neural Regen. Res. 18,
1890–1902. doi:10.4103/1673-5374.367832

Zelante, T., Iannitti, R. G., Cunha, C., DeLuca, A., Giovannini, G., Pieraccini, G., et al.
(2013). Tryptophan catabolites from microbiota engage aryl hydrocarbon receptor and
balance mucosal reactivity via interleukin-22. Immunity 39, 372–385. doi:10.1016/j.
immuni.2013.08.003

Zhang, Y., and Barres, B. A. (2010). Astrocyte heterogeneity: an underappreciated topic in
neurobiology. Curr. Opin. Neurobiol. 20, 588–594. doi:10.1016/j.conb.2010.06.005

Zhu, G., Zhao, J., Zhang, H., Chen, W., and Wang, G. (2021). Probiotics for Mild
cognitive impairment and Alzheimer’s disease: a systematic review and meta-analysis.
Foods 10, 1672. doi:10.3390/FOODS10071672

Frontiers in Pharmacology frontiersin.org22

Sarti et al. 10.3389/fphar.2025.1596469

https://doi.org/10.3390/NU16152381
https://doi.org/10.3389/fnagi.2018.00372
https://doi.org/10.1016/j.cell.2017.07.023
https://doi.org/10.1007/s12035-016-0018-9
https://doi.org/10.1007/S00394-009-0021-2
https://doi.org/10.2217/fnl.12.90
https://doi.org/10.1111/febs.14323
https://doi.org/10.1038/S41598-017-13601-Y
https://doi.org/10.3389/fimmu.2018.02325
https://doi.org/10.1073/pnas.0812874106
https://doi.org/10.1038/D41586-021-00260-3
https://doi.org/10.1097/00004836-200603000-00015
https://doi.org/10.1007/S00203-023-03466-3
https://doi.org/10.1016/J.TINS.2015.04.003
https://doi.org/10.1016/J.TINS.2015.04.003
https://doi.org/10.4103/1673-5374.367832
https://doi.org/10.1016/j.immuni.2013.08.003
https://doi.org/10.1016/j.immuni.2013.08.003
https://doi.org/10.1016/j.conb.2010.06.005
https://doi.org/10.3390/FOODS10071672
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1596469

	Chronic administration of prebiotics and probiotics prevent pathophysiological hallmarks of Alzheimer’s disease in the cort ...
	Introduction
	Materials and methods
	Animals
	Animal treatments
	Prebiotic formulation and administration
	Probiotic formulation and administration

	Animal groups
	Sample preparation
	Immunohistochemistry
	NeuN+ neurofilament heavy protein+Aβ triple labelling immunohistochemistry
	NeuN+ neurofilament heavy protein+GFAP triple labelling immunohistochemistry
	NeuN+GFAP+IBA1 triple labelling immunohistochemistry
	Aβ+IBA1 double labelling immunohistochemistry
	NeuN+CD68+IBA1 triple labelling immunohistochemistry
	CX3CR1+IBA1 double labelling immunohistochemistry

	Microscopy acquisition and images quantitative analyses
	Statistical analysis

	Results
	The treatment with pre- and probiotics prevents the deposition of Aβ and neuritic plaques in the cortex
	The treatment with pre- and probiotics prevents neurodegeneration in the cortex
	Characterization of astrocytes in cortex
	Characterization of microglia in the cortex

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


